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ABSTRACT:  
Growing up on a traditional farm has been shown to protect a 
child from the development of childhood atopic diseases. The 
association between pet exposure in early childhood and the 
risk of atopic diseases is less clear. Previous studies have 
indicated that farm and pet exposure may exert effects on the 
maturing immune system and they may involve similar 
immunomodulatory factors, e.g. microbes or their components.  
Dendritic cells (DCs) are professional antigen-presenting cells, 
which are able to regulate the responses of adaptive immune 
cells towards, e.g. non-allergic T helper 1 (Th1), allergic Th2 or 
regulatory T (Treg) cell responses. Thus it can be hypothesized 
that DCs may play an important role in the effect of farm and 
pet animal exposure on childhood atopic diseases. 
The main aim of this thesis was to investigate whether farm, 
cat and dog exposures affect the phenotype and the functional 
properties of dendritic cells (DC) as well as cytokines in 
peripheral blood mononuclear cells (PBMCs) of children at age 
4.5 years in a subpopulation of the Finnish PASTURE birth 
cohort study. Half of the studied children were from farming 
families and half from rural non-farming families.  
Myeloid DCs (mDCs), plasmacytoid DCs (pDCs) and the 
expression of costimulatory molecule CD86 on mDCs and pDCs 
were analyzed immediately after thawing PBMCs. The 
percentage of mDCs, the expression of CD86 and the production 
of cytokines interleukin 6 (IL-6) and tumor necrosis factor (TNF) 
by mDCs spontaneously and after 5 hour lipopolysaccharide 
(LPS) stimulation were analyzed. IFN-γ and IL-12 (Th1), IL-13 
(Th2), IL-10 (Treg), TNF and IL-1β (proinflammatory) and 
CXCL8 (neutrophil chemoattractant) were analyzed from 
unstimulated and lipopolysaccharide (LPS)-stimulated PBMCs 
(5 h). Farm, cat and dog exposures were assessed from 
questionnaires. Cat allergen (Fel d 1) was measured from the 
house dust when a child was two months old. The definition of 
asthma during the first 6 years of life was based on a diagnosis 
by a physician and/or symptoms. 
  
In the present thesis, asthma was positively associated with 
CD86 expression on myeloid DCs (mDCs) per se and inversely 
associated with IL-6 production in mDCs after stimulation with 
LPS. Stimulation with LPS also resulted in a lower percentage of 
mDCs in the PBMC cultures of farm children as compared to the 
PBMC cultures of non-farm children.  
The unstimulated PBMCs of farm children produced more 
IL-10, IL-12 and IFN-γ than the PBMCs of their non-farm 
counterparts. The increasing number of specific farm exposures 
(consumption of farm milk, exposures to stables and hay barns) 
was dose-dependently associated with higher spontaneous 
production of IFN-γ and lower LPS-induced production of TNF. 
Reported cat exposure as well as the higher level of cat 
allergen in house dust was linked with the increased production 
of IL-6 by mDCs after stimulation with LPS. Current cat 
exposure was associated with the increased spontaneous 
production of CXCL8 by PBMCs. The load of cat allergen 
exhibited a U-shaped association with the spontaneous 
production of IL-1β, TNF, CXCL8 and IL-13 and an inverted U-
shaped association with those of IL-1β, TNF and IL-13 after 
stimulation with LPS. Early life dog exposure was associated 
with decreased spontaneous and increased LPS-stimulated 
production of IL-2 and IL-1β.  
In summary, we show associations between childhood 
asthma and the functional properties of DCs. Farm exposure 
was linked with increased spontaneous production of Th1 and 
regulatory cytokines. Decreased TNF responses and proportions 
of mDCs after short-term LPS-stimulation in farm-exposed 
children may reflect tolerogenic immune mechanisms. Early life 
and current exposures to cats and dogs have 
immunomodulatory effects, but these are different from the 
effects seen in farm exposures. The responses are partly 
different between reported cat exposure and the load of 
exposure defined on the basis of cat allergen measurements. The 
novel findings of the present thesis provide important insights 
for future studies investigating the underlying immunological 
mechanisms involved in farm-related asthma- and allergy-
  
 
protection. In particular, the interplay of innate and adaptive 
immunity needs to be studied in more detail. 
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TIIVISTELMÄ:  
Maatiloilla varttumisen on todettu suojaavan lapsia lapsuusajan 
atooppisilta sairauksilta, mutta lemmikkieläinaltistumisen 
vaikutukset lapsuusajan atooppisten sairauksien riskiin eivät ole 
niin selvät. Sekä maatila- että lemmikkieläinaltistumisella on 
havaittu olevan vaikutuksia immunologisiin vasteisiin. 
Lemmikkieläin- sekä maatila-altistumiseen voi liittyä 
samanlaisia tekijöitä, mm. mikrobeita ja niiden osasia, jotka 
vaikuttavat immunologisiin vasteisiin.  
Dendriittisolut ovat antigeenejä esitteleviä soluja, jotka 
säätelevät adaptiivisen immuunijärjestelmän vasteita, 
esimerkiksi ei-allergisia Th1- ja allergisia Th2-vasteita tai 
regulatorisia T-soluvasteita. Näin ollen voidaan olettaa, että 
dendriittisoluilla on merkittävä rooli myös maatila- ja 
lemmikkieläinaltistumiseen liitetyssä atooppisten sairauksien 
riskissä.  
Tutkimuksen päätavoitteena oli selvittää lapsuusajan 
maatila- sekä kissa- ja koira-altistumisen vaikutusta 
dendriittisolujen fenotyyppiin ja toiminnallisiin ominaisuuksiin 
sekä sytokiinien tuotantoon, jotka mitattiin 4.5-vuotiaiden lasten 
perifeerisen veren mononukleaarisista soluista (PBMC). 
Myeloididendriittisolut (mDC), plasmasytoididendriittisolut 
(pDC) ja dendriittisolujen ilmentämä toiminnallinen molekyyli, 
CD86, määritettiin heti PBMC-solujen sulattamisen jälkeen. 
MDC-solut sekä niiden ilmentämä CD86 ja niiden tuottamat 
sytokiinit IL-6 ja TNF määritettiin stimuloimattomana sekä 
lipopolysakkaridi (LPS) -stimulaation jälkeen (5 h). Valkosolujen 
tuottamat IFN-γ ja IL-12 (Th1), IL-13 (Th2), IL-10 (Treg), TNF ja 
IL-1β (proinflammatoriset) sekä CXCL8 (kemotaktinen) 
määritettiin stimuloimattomana sekä LPS- stimulaation jälkeen 
(5 h). Tähän tutkimukseen kuuluvat lapset olivat osa 
suomalaista PASTURE-tutkimusta, jossa puolet lapsista asui 
maatilalla ja puolet maaseudulla. 
Maatila- sekä kissa- ja koira-altistuminen määriteltiin 
kyselylomakkeiden perusteella. Kissa-allergeeni (Fel d 1) 
mitattiin huonepölystä, kun lapsi oli kahden kuukauden ikäinen. 
  
Astma ensimmäisen kuuden elinvuoden aikana määriteltiin 
lääkärin diagnoosin ja/tai oireiden perusteella.  
Astma oli yhteydessä lisääntyneeseen myeloidi 
dendriittisolujen (mDC) ilmentämään CD86-molekyyliin per se 
ja vähentyneeseen mDC-solujen tuottamaan IL-6-sytokiiniin, 
kun PBMC-soluja oli stimuloitu LPS:lla. Lisäksi maatilalapsilla 
oli matalampi mDC-solujen prosenttiosuus LPS-stimulaation 
jälkeen kuin verrokkilapsilla. 
Maatilan lasten PBMC-solut tuottivat spontaanisti enemmän 
IL-10-, IL-12- ja IFN-γ-sytokiineja kuin verrokkilasten solut. 
Lisääntyvä maatila-altisteiden lukumäärä (maatilamaidon 
kulutus, altistuminen navetalle ja heinäladolle) oli annos-
vasteisesti yhteydessä korkeampaan spontaaniin IFN-γ-
tuotantoon sekä alempaan TNF-tuotantoon LPS-stimulaation 
jälkeen. 
Kissalle altistuminen ja korkeampi kissa-allergeenin määrä 
olivat yhteydessä lisääntyneeseen IL-6-tuotantoon mDC-
soluissa LPS-stimulaation jälkeen. Kissa-altistuminen neljän 
vuoden iässä oli yhteydessä lisääntyneeseen spontaaniin 
CXCL8-sytokiinin tuotantoon. Kissa-allergeenin määrä oli 
lisäksi yhteydessä spontaaniin IL-1β, TNF, CXCL8 ja IL-13-
tuotantoon (U-muotoinen yhteys) sekä IL-1β, TNF ja IL-13 LPS-
stimuloituun tuotantoon (käänteinen U-muoto). Varhainen 
koira-altistuminen puolestaan oli yhteydessä alentuneeseen 
spontaaniin IL-2- ja IL-1β-tuotantoon, sekä lisääntyneeseen IL-2- 
ja IL-1β-tuotantoon LPS-stimulaation jälkeen.  
Tämä väitöskirjatutkimus osoitti, että astma oli yhteydessä 
mDC-solujen toiminnallisiin ominaisuuksiin. Maatila-
altistuminen liittyi lisääntyneeseen spontaaniin Th1- ja 
regulatoristen sytokiinien tuotantoon. Alentuneet TNF-vasteet 
sekä mDC-solujen prosenttiosuudet voivat liittyä tolerogeenisiin 
mekanismeihin. Lisäksi kissalle ja koiralle altistumisella on 
vaikutusta immunologisiin vasteisiin eri tavalla kuin maatilalle 
altistumisella. Kyselytutkimuksen ja kissa-allergeenimäärän 
perusteella määritetyn kissa-altistumisen yhteydet 
immunologisiin vasteisiin olivat osittain erilaiset. Nämä uudet 
havainnot ovat tärkeitä niiden tulevien tutkimusten kannalta, 
  
 
joissa selvitetään maatila-altistumisen astma- ja 
allergiasuojavaikutuksen taustalla olevia immunologisia 
mekanismeja. Erityisesti synnynnäisen ja adaptiivisen 
immuunijärjestelmän keskinäistä vuorovaikutusta tulisi tutkia 
lisää. 
 
Yleinen suomalainen asiasanasto: immuunijärjestelmä; astma; altistuminen; 
altisteet; maatilat; kotieläimet; lemmikkieläimet; kissa; koira; markkerit; 
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1 Introduction  
The prevalence of asthma and allergies has increased in the past 
few decades, especially in children and in western countries 
(Braman 2006). Several factors, e.g. smaller family sizes, 
improved hygienic conditions and lack of microbial and 
helminthic exposures, have been proposed as being associated 
with the increased prevalence of allergic diseases (Strachan 1989, 
Strachan 2000, Flohr et al. 2006). However, there are still 
microbe-rich living environments, such as farms, even in 
western countries. Exposure to a farm environment, especially 
consumption of farm milk and exposure to increasing numbers 
of farm animals in early childhood or even prenatally may 
protect from childhood asthma and allergies. This is pointing to 
effects on the maturing immune system (von Mutius, Vercelli 
2010). In addition, furry pets may be a source of microbes and 
their components. Exposure to pets during early childhood has 
been shown to protect from atopic diseases (Almqvist et al. 2003, 
Gern et al. 2004, Waser et al. 2005, Bufford et al. 2008, Lodge et 
al. 2012a, Fall et al. 2015), but also conflicting results have been 
reported (Almqvist et al. 2003, Brussee et al. 2005, Lodge et al. 
2012b, Fretzayas et al. 2013, Pyrhönen et al. 2015). 
Protection against asthma by the traditional farm 
environment or pet exposure may be associated with early-life 
immunoprogramming of the innate and adaptive immune cells. 
These effects have been demonstrated in several ways e.g. as a 
typical cytokine pattern (Pfefferle et al. 2010), increased relative 
proportions of regulatory immune cells (Lluis et al. 2014a) and 
increased gene expression of Toll-like receptors (TLRs) (Ege et al. 
2006, Roduit et al. 2011) in farm exposed versus non-exposed 
children. In a recent study, farming was shown to affect the 
proportions of circulating antigen presenting cells, namely 
myeloid dendritic cells (DC) subtype two (mDC2), at age 6 years 
(Martikainen et al. 2015). The immunomodulatory effects of pet 
 24 
 
exposure with regard to the risk of asthma and allergy have 
been less extensively explored, and mainly restricted to 
cytokines (Gern et al. 2004, Bufford et al. 2008). 
DCs are of interest, since they are able to induce and regulate 
the responses of adaptive immune cells towards e.g. non-allergic 
T helper 1 (Th1), allergic Th2 or regulatory T (Treg) cell 
responses, of which the last is associated with the tolerance 
(Froidure et al. 2015, Palomares et al. 2015, Kornete, Piccirillo 
2012). As previously shown, cytokines, important cell signaling 
molecules, are associated with atopic diseases and farm 
exposures (Romagnani 2000, Pfefferle et al. 2010). However, the 
associations of farm and pet exposures with spontaneous 
production of cytokines have not been previously published. 
Therefore, this thesis aimed to clarify the complex 
associations of farming and pet exposure with immune 
responses, in particular DCs and their function, and cytokine 
responses at age 4.5 years in a subpopulation of the Finnish 
PASTURE birth cohort study (The Protection against Allergy-
Study in Rural Environments).  
 25 
 
 
2 Literature review 
2.1 BACKGROUND 
In addition to the situation in the western countries, also some 
low-income countries, have encountered an increasing 
prevalence of allergic diseases and asthma in adults as well as 
children in recent decades. Since this cannot be explained by 
genetic factors alone, environmental predisposing factors must 
also be involved (Masoli et al. 2004, Braman 2006). The overall 
trend of global asthma prevalence is still rising; there is some 
evidence that asthma prevalence is actually decreasing in some 
western countries but continues to rise in low-income countries, 
suggesting that also factors associated with lifestyle may be 
contributing to this trend (Pearce et al. 2007).   
One important risk factor for asthma and allergies may be 
poor indoor air and ambient air pollution (Ding et al. 2015). In a 
recent study, levels of urban air inhalable particulate matter 
(PM10: particles ≤ 10 μm in aerodynamic diameter) were claimed 
to exert little or no effect on the incidence of childhood asthma, 
or the prevalence of rhino-conjunctivitis or eczema (Anderson et 
al. 2010). On the other hand, many studies have shown that the 
level of ambient air pollution, e.g. traffic-related pollution, is 
directly associated with respiratory health outcomes (Tzivian 
2011, Chen et al. 2015, Shankardass et al. 2015). Allergens, such 
as house dust mite, pet, cockroach, mold, fungi and pollens, 
may be also risk factors for asthma and allergies. The 
combination of allergens and air pollution may even exert 
synergistic effects (Baldacci et al. 2015). In contrast, it has been 
reported that increased exposure to allergens through 
environmental factors such as keeping dogs and cats indoors 
may be protective against later allergy development (Lodge et al. 
2012a), although also opposite or no associations have been 
reported as reviewed by Fretzayas et al. 2013. The different 
effects of pet exposure on atopic diseases may be dependent on 
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the type of animal, the time and duration of exposure and the 
genetic background (Fretzayas et al. 2013).  
One important milestone in the research into atopic diseases 
was the hygiene hypothesis proposed in 1989 by David P. 
Strachan (Strachan 1989). The original finding was that children 
with older siblings suffered less hay fever in adulthood than 
firstborn children (Strachan 1989). Therefore, it was postulated 
that the improved hygienic conditions and thus the absence of 
microbial and helminthic infections could be associated with the 
development of atopic diseases (Strachan 1989, Strachan 2000, 
Flohr et al. 2006). Later it was shown in line with the hygiene 
hypothesis that exposures to siblings at home or to other 
children at a day-care centre were also inversely related to the 
development of frequent wheezing at school age (Ball et al. 
2000). 
Not only a better hygiene and absence of infections, but also 
changes in the normal human microbiome, the lack of exposure 
to environmental non-pathogenic micro-organisms or their 
components (Braun-Fahrländer et al. 2002), or reduced contact 
with a natural environment (Hanski et al. 2012) prenatally and 
in early childhood may be associated with the development of 
allergies and asthma. Early life exposure to environmental 
microbes and their components affects the development of the 
immune system. It has been speculated that exposure to 
environmental microbes and other situations where an 
individual is exposed to microbes, such as farm exposure and 
exposure to domestic animals, may prevent atopic sensitization 
through the polarization of the immune system towards 
predominately non-allergic Th1 type immune responses [e.g. 
production of interferon-γ (IFN-γ), interleukin-12 (IL-12) and 
tumor necrosis factor (TNF)] (Roponen et al. 2005, D´Andrea et 
al. 1992, Pfefferle et al. 2010). Also, other mechanisms and cell 
types may be involved, e.g. downregulation of immune 
responses (Braun-Fahrländer et al. 2002), non-allergic modified 
Th2-type responses (e.g. production of IgG and IgG4 antibody 
response) (Platts-Mills et al. 2001a), regulatory T cells (Tregs) 
(Lluis et al. 2014a) and dendritic cells (DCs) (van Helden & 
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Lambrecht 2013, Martikainen et al. 2015). There are several 
reports that exposure to a farm environment as well as non-
pathogenic environmental microbes and their components can 
confer protection against allergic diseases and asthma as well as 
non-atopic asthma (Riedler et al. 2001, von Mutius & Vercelli 
2010, von Mutius 2012, Eduard et al. 2004), although 
occupational exposure to a farm environment in adulthood may 
be a risk factor for respiratory diseases (Greskevitch et al. 2007). 
The major protective factors that have been identified in the 
farm environment are exposure to cowsheds and unprocessed 
farm milk prenatally or during early childhood (von Mutius 
2012) as well as the richness of environmental microbes (Ege et 
al. 2011). However, at present the microbial species and groups 
associated with the farm environment, the relevance of 
concentration and diversity and timing and duration of 
exposure are far from clear. 
2.2 THE IMMUNE SYSTEM 
The main function of the immune system is to defend the body 
against infectious microbes, although also other foreign 
substances, such as toxins, allergens, proteins, polysaccharides 
and even noninfectious substances can trigger immune 
responses. The immune system can be divided into two parts: 
innate and adaptive immunity, which however, usually work 
together (Sly & Holt 2011). 
Traditionally, it has been thought that the responses of innate 
immunity are an initial defense against infections (Abbas et al. 
2007). According to recent evidence, innate immunity possesses  
memory and is dependent on myeloid cells (e.g. dendritic cells), 
natural killer (NK) cells and innate lymphocyte populations i.e. 
natural killer T (NKT) cells, γδ T cells and innate lymphoid cells 
(ILCs) (Netea et al. 2015). The components of innate immunity 
can recognize microbe-originated structures, which are called 
pathogen-associated molecular patterns (PAMPs) as well as 
endogenous danger signals or so-called damage-associated 
molecular patterns (DAMPs), which are constitutively expressed 
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or released by tissue injury (Matzinger 2002). The receptors 
recognizing PAMPs or DAMPs are called pathogen recognition 
receptors (PRRs) and they include e.g. toll-like receptors (TLRs), 
C-type lectins and nucleotide-binding oligomerization domain 
(NOD-like) receptors, which in normal situations enable also 
innate immunity to distinguish self from non-self (i.e. tolerance 
to self) and to possess some specificity (Abbas et al. 2007, Opitz 
et al. 2010).  
There are several cell types which participate in innate 
immunity: phagocytic cells (e.g. neutrophils, macrophages and 
DCs), natural killer (NK) cells, eosinophils, basophils and mast 
cells as well as proteins present in biological fluids (e.g. 
complement system and pentraxins) and the proteins secreted 
by activated cells (e.g. cytokines, chemokines and reactive free 
radical species) (Abbas et al. 2007, Sly & Holt 2011).  
PRRs and DCs are of interest, since allergic asthma, which is 
characterized by eosinophilic airway inflammation, goblet cell 
metaplasia and bronchial hyperactivity is controlled by innate 
and adaptive immune responses to inhaled allergens via e.g. 
DCs and PRRs (Lambrecht & Hammad 2015).   
Adaptive immunity develops later as a response to infections. 
The responses of adaptive immunity can be specific for antigens 
present on microbes and also for antigens derived from other 
foreign substances. Adaptive immunity can adapt to the 
infection and remember the antigen it has encountered before. 
The responses of adaptive immunity can be enhanced by 
repeated exposures to the same antigens. Also, adaptive 
immunity is non-reactive to self.  
The main components of adaptive immunity are 
lymphocytes and the products they secrete, e.g. antibodies and 
cytokines. Adaptive immune responses can be divided into two 
groups: humoral immunity and cell-mediated immunity. B cells 
secrete antibodies which account for humoral immunity 
whereas T cells and cytokines produced by T cells are 
responsible for cell-mediated immunity (Abbas et al. 2007). 
Human antibodies are the immunoglobulins IgA, IgD, IgE, IgG 
and IgM, and their main function is antigen binding (Abbas et 
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al. 2007). IgGs are the major class of immunoglobulins and they 
are considered to be T helper 1 (Th1)-associated IgGs (apart 
from IgG1). IgE and IgG1 are associated with Th2-responses, 
which possibly could result in allergic outcomes (Lin et al. 2004). 
T cells can be divided into several different groups, such as Th 
cells, cytotoxic T cells (CTLs) and Treg cells (Abbas et al. 2007). 
Furthermore, Th cells can be divided into subgroups: Th1, Th2, 
Th17, Th22 and Th9 (Akdis et al. 2012). 
 Th2 responses, i.e. production of IL-4, IL-5 and IL-13, have a 
role in the development of atopic sensitization. These cytokines 
promote immunoglobulin E (IgE) production and eosinophil 
recruitment, which are two characteristics of an allergic immune 
response (Romagnani 2000). At birth, infants have 
predominantly a Th2-type cytokine profile, which may remain if 
the child is not exposed to bacteria during early infancy (Holt 
1996, Prescott et al. 1999). Neutrophilic asthma inflammation is 
controlled by e.g. Th17 subset. Th17 subset is characterized by 
production of cytokine IL-17 (Lambrecht & Hammad 2015). Th9 
subset produces IL-9 and Th22 subset produces IL-22, IL-13 and 
TNF. Both of these cell subsets may have a role in inducing 
allergic reactions and airway inflammation (Bawankar et al. 
2015).  
Treg cells can suppress asthma-related responses by e.g. 
production of cytokines IL-10 and transforming growth factor β 
(TGF-β), which can suppress pulmonary DC activation 
(Lewkowich et al. 2005). Also, a regulatory B cell population has 
been identified. This cell population induces allergen tolerance 
partly through production of IL-10 (Braza et al. 2014).  
Examples of cytokines in the immune system are presented 
in Table 1 (Abbas et al. 2007). 
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2.2.1 Pattern recognition receptors (PRRs) 
Many innate immune cells, e.g. neutrophils, macrophages, DCs 
and endothelial cells, but also other cell types, such as epithelial 
cells and lymphocytes, express several distinct PRRs that 
recognize PAMPs, i.e microbial structures. PRRs are able to 
mediate both innate and adaptive immune responses (Abbas et 
al. 2007). 
TLRs (TLR1-10 in humans) are a major class of PRRs and 
important factors in the activation of immune responses. Most 
classes of TLRs are involved in innate immunity; however, TLRs 
are also expressed by T and B lymphocytes, endothelial cells, 
epithelial cells, skin keratinocytes, fibroblasts and cancer cells. 
TLRs can be receptors of PAMPs and DAMPs (Chang 2010). The 
common TLR signaling pathways are MyD88, TIRAP and TRIFF, 
which are used for signaling of NF-κB and activation of MAP 
kinase. This leads to production of cytokines, e.g. IL-1β, IL-6, IL-
12, IFN-α/β and TNF (Kawai, Akira 2011). Lipopolysaccharide 
(LPS) is a classical example of a PRR ligand; this is a cell wall 
component of gram-negative bacteria and it is a ligand for the 
cell surface receptor, TLR4. The recognition of LPS is a complex 
process. Briefly, LPS is recognized by TLR4 acting together with 
a number of coreceptors and accessory molecules including LPS 
binding protein (LBP), cluster of differentiation 14 (CD14) and 
myeloid differentiation two protein (MD-2) (Park, Lee 2013). 
Another example is TLR2, which forms heterodimers with TLR1 
and TLR6 that recognize distinct ligands, including 
peptidoglycan. Peptidoglycan is a cell wall component of gram-
positive bacteria. CD14 is not necessarily needed for TLR2-
mediated responses but their effects might be enhanced if CD14 
is present (van Bergenhenegouwen et al. 2013). TLR2 activation 
is also associated with the induction of regulatory cytokine IL-10 
(Yamazaki et al. 2011). In addition to TLR2, intracellular NOD-
like receptors can recognize peptidoglycan (Sorbara, Philpott 
2011). The production of the proinflammatory cytokine IL-1β is 
tightly regulated by a two-signal mechanism, which includes 
the activation of TLRs as well as the NALP3 inflammasome, 
leading to the cleavage of pro-IL-1β into mature and active IL-1β 
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(Martinon et al. 2002, Snodgrass et al. 2013). Some innate 
immune-associated receptors may also recognize fungal-
originating components, such as the Dectin 1-receptor which 
recognizes β-glucans (Reid et al. 2009). 
2.2.2 Dendritic cells (DCs) 
In 1973, Ralph M. Steinman and Zanvil A. Cohn reported a 
unique cell type in the peripheral organs of mice and they 
suggested that these cells should be given the name dendritic 
cells based on their morphology (Steinman & Cohn 1973). DCs 
are bone-marrow derived leukocytes, which are probably the 
most important population of professional antigen-presenting 
cells. DCs have an important role in innate immune responses to 
infections and in linking innate and adaptive immune responses 
(Banchereau, Steinman 1998). DCs are involved in immunity but 
also in peripheral tolerance (Quah & O'Neill 2005, Kornete & 
Piccirillo 2012). The classical view is that immature DCs are 
lying dormant until they recognize the presence of pathogens in 
those parts of the body which are in close contact with 
environment, e.g. skin and mucosal tissue (Banchereau et al. 
2000). After the recognition of an antigen, DCs mature and 
become activated and migrate to lymphoid tissues where they 
present antigen-derived peptides to naïve Th cells. Therefore, 
dendritic cells can regulate Th cell responses either towards Th1 
or Th2 (Banchereau & Steinman 1998). Immature DCs are 
activated and become mature in conditions of infection or 
inflammation and then they activate adaptive immune cells, 
namely naïve B and T cells (Banchereau, Steinman 1998). DCs 
take up and process pathogens and present peptides derived 
from antigens to T cells via major histocompatibility complex 
(MHC) molecules (exogenous antigens usually via MHC II), and 
furthermore stimulate T cells via the expression of distinct 
costimulatory molecules, e.g. CD40, CD58, CD80 and CD86, and 
the production of distinct cytokines (Banchereau, Steinman 
1998). On the other hand, regulatory T cells (Treg cells) can 
induce tolerogenic DCs e.g. by downregulating the expression 
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of CD80 and CD86 on DCs. These tolerogenic DCs can then 
promote Treg cell generation (Kornete & Piccirillo 2012). 
There are several DC subtypes which differ in function, 
localization and phenotype (Schreibelt al. 2010). DCs can be 
found in many tissues (e.g. lungs and liver) and blood. There are 
two main subtypes of peripheral blood DCs: mDCs, which are 
CD11c-positive, and plasmacytoid DCs (pDCs), which are 
CD11c-negative and CD303 (BDCA2) and CD304 (BDCA4)-
positive. MDCs express CD13 and CD33, MHC II and CD11c 
but they do not express CD3, CD14, CD19 and CD56, which are 
T-cell, monocyte, B-cell and NK cell markers, respectively. 
MDCs can be further divided into two groups based on their 
different expression of surface molecules CD1c [BDCA1, 
myeloid DC subtype 1 (mDC1)] and CD141 [BDCA3 (mDC2)] 
(Dzionek et al. 2000, Shortman, Liu 2002).  
DC subtypes are not abundant in blood: in healthy adults, the 
percentages of BDCA1-positive and BDCA2-positive 
populations have been shown to be no more than 0.2 % of all 
blood mononuclear cells, the percentage of BDCA3-positive 
population is even smaller, 0.002 % (Rovati et al. 2008).  
DC populations in other tissues have not been characterized 
as extensively as blood DCs, apart from the skin (i.e. Langerhans 
cells). During inflammation, an additional DC subtype, namely 
inflammatory DCs, has been described. These DCs differentiate 
from monocytes during inflammation (Segura, Amigorena 2013). 
DCs can be generated from monocytes in vitro, e.g. by culturing 
monocytes with granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and IL-4 (Sallusto, Lanzavecchia 1994). Lung 
CD103-positive and CD11b-positive mDCs and pDCs might be 
more relevant for allergy and asthma than blood DCs since 
inhalation of an allergen can directly activate DCs (van Helden 
& Lambrecht 2013). Moreover, it has been suggested that mDCs 
can be recruited from blood to the lung quickly after allergen 
challenge (Upham et al. 2002). 
The DC subpopulations express distinct TLRs, resulting in 
different functional properties. TLRs 1-8 are expressed by mDCs 
whereas TLRs 1, 7, 9 and 10 are expressed by pDCs. TLR7 and 9, 
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which are abundantly expressed by pDCs, recognize viral 
antigens, and when activated, they induce the secretion of high 
amounts of type I interferons as well as the maturation of pDCs 
(i.e. upregulation of histocompatibility molecules and the 
costimulatory molecules, CD80 and CD86) (Schreibelt et al. 
2010). Therefore, pDCs have a role in viral infections and in the 
production of type I IFNs (Santana-de Anda et al. 2013) as well 
as in the development of tolerance (Ito et al. 2007, Lambrecht, 
Hammad 2009). In contrast, mDCs have been shown to be 
associated with allergic airway inflammation (Jahnsen et al. 2001, 
van Rijt et al. 2005).  
The numbers of pDCs have been shown to be lower in 
asthmatic children (Hagendorens et al. 2003, Silver et al. 2009, 
Upham et al. 2009) and higher in asthmatic adults (Matsuda et al. 
2002, Spears et al. 2011). Upham et al. 2009 demonstrated higher 
numbers of mDCs in atopic children. In contrast to this, higher 
proportions of mDCs have been found to associate inversely 
with wheezing in infants (Yao et al. 2010a). In adults, the 
numbers of mDC1s and mDC2s have been shown to be higher 
in asthmatic adults than in healthy adults (Spears et al. 2011). 
The numbers of mDC2s have been shown to be higher in 
sputum after allergen challenge (Dua et al. 2014) but lower in 
circulation (Dua et al. 2013). Moreover, the number of IL-12 
producing mDCs has been observed to be lower in asthmatic 
children when compared to healthy children (Hagendorens et al. 
2004). Production of IL-6, IL-10 and IFN-α by mDCs and pDCs 
has been shown to be higher in atopic infants than in non-atopic 
infants (Yao et al. 2010b). However, the functional plasticity of 
pDCs and mDCs is challenging the concept that the DC 
subpopulations possess their own distinct functions (Paul, Amit 
2014). 
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2.3 HEALTH EFFECTS OF EXPOSURE TO THE FARM 
ENVIRONMENT   
2.3.1 Components in the farm environment that may protect 
from allergic diseases 
Several studies conducted in Europe have shown that children 
growing up on traditional farms are less likely to suffer from 
atopic diseases than children growing up in rural areas but not 
living on farms (Riedler et al. 2000, von Ehrenstein et al. 2000, 
Illi et al. 2012, Horak et al. 2014) (Table 2), and this protective 
effect is seen in both atopic and non-atopic asthma (Riedler et al. 
2001, Ege et al. 2007). There are also similar findings from other 
parts of the world, such as in Australasia, North America and 
South America (von Mutius, Vercelli 2010, Holbreich et al. 2012, 
Boneberger et al. 2011), but also conflicting results have been 
reported from some low-income countries (Brunekreef, et al. 
2012, Solis-Soto et al. 2013). Notably, occupational farm 
exposure may be a risk factor for respiratory diseases 
(Greskevitch et al. 2007, von Essen et al. 2010, Zukiewicz-
Sobczak et al. 2013). 
It has been shown that the protective “farm effect” appears to 
be strongest in utero or in early childhood (Riedler et al. 2001, 
Ege et al. 2006, Douwes et al. 2008), and growing up on a farm 
may lead to lifelong protection against atopic diseases in 
adulthood (Eriksson et al. 2010, Lampi et al. 2011). The 
combination of early life exposure and exposure in adulthood 
together may reduce the asthma risk more than either of these 
factors alone (Douwes et al. 2007). The protective effect of early 
life farm exposure points to involvement of the maturing 
immune system, since at this time, the system is especially 
susceptible to modulation by endogenous and exogenous 
substances (Sly & Holt 2011). 
Farm exposure includes several specific exposures, such as 
exposure to livestock (cattle, pigs and poultry), contact with 
animal feed (hay, grain, straw and silage) and consumption of 
raw farm milk, which all may contribute to the asthma- and 
allergy-protective effect (von Ehrenstein et al. 2000, Riedler et al. 
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2000, Riedler et al. 2001, Ege et al. 2007, Douwes et al. 2008). The 
asthma- and allergy-protective effect of exposure to stables and 
consumption of farm milk was observed already many years 
ago (Riedler et al. 2001). Consumption of raw farm milk has 
been observed to be inversely associated with common 
respiratory infections in infants as well (Loss et al. 2015). In a 
recent study, the overall asthma-protective effect of farm 
exposure was attributed to certain specific exposures, namely 
exposure to cows and straw and consumption of farm milk, 
whereas the protective effect of farming for atopic dermatitis 
was explained by exposure to fodder storage rooms and manure. 
However, the overall protective effect of farming for hay fever 
and atopic sensitization was not accounted for completely by 
specific farm exposures, suggesting that there must be some 
other protective components in the farm environment (Illi et al. 
2012). It has been also postulated that maternal exposure to an 
increasing number of farm animal species may protect children 
from developing atopic dermatitis (Roduit et al. 2011), and 
regular exposure to animal sheds, hay lofts and farm milk in 
childhood may play a role in protecting from atopic diseases 
(Horak et al. 2014).  
The allergy- and asthma-protective components of farm milk 
and mechanisms of action are not yet clear. Several explanations 
have been postulated for the asthma and allergy-protective 
effect of raw farm milk consumption; it may be associated with 
the lack of milk processing (homogenization and pasteurization), 
different bacterial composition, fat and fatty acids and milk 
proteins i.e. the structure of these components may be changed 
during processing of milk (Braun-Fahrländer & von Mutius 
2011). The farm milk effect is not explained by the endotoxin 
levels in milk, since endotoxin levels have been shown to be 
similar between farm milk and shop milk (Gehring et al. 2008). 
Raw farm milk seems to protect from asthma, atopic 
sensitization and hay fever, whereas boiled milk showed no 
protective effect in school-aged children. Moreover, total viable 
bacterial counts and the fat content of milk were not associated 
with asthma or atopic sensitization, whereas milk proteins such 
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as bovine serum albumin (BSA), α-lactalbumin and β-
lactoglobulin were associated with protection from asthma but 
not from atopic sensitization, indicating that these components 
may be relevant in the asthma-protective effect of raw farm milk 
consumption (Loss et al. 2011). 
Environmental microbes may have a role especially in the 
protective effect conferred by contact with stables and hay barns. 
Exposure to farm-related microbes is not limited only to visits to 
the stables or barns, but similar microbes have been found also 
in the bedrooms of the children which is evidence for the 
transportation of microbes from stables and barns into the home 
where the child is living (Normand et al. 2011). Microbial 
components, such as endotoxin (LPS, a cell-wall component of 
gram-negative bacteria), muramic acid (a component of 
peptidoglycan and a cell-wall component of all bacteria) and 
mold-derived β(1,3)-glucans have been associated with a 
reduced risk of atopic diseases (Braun-Fahrländer et al. 2002, 
van Strien et al. 2004, Schram-Bijkerk et al. 2005). It seems, 
however, that both the diversity and quantity of environmental 
microbes also contribute to the protective effect of farming 
against atopic diseases (Ege et al. 2011). 
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Table 2. Examples of studies which have demonstrated the inverse association between farm 
exposures and atopic diseases in children. 
Farm exposure Atopic 
Sensitization 
Atopic 
dermatitis 
Asthma Hay 
fever 
Reference 
Farm, farm animals x  x x Riedler et al. 
2000 
Farm, livestock   x x von 
Ehrenstein et 
al. 2000 
Stables and farm 
milk 
x  x x Riedler et al. 
2001 
Stables (prenatal) x    Ege et al. 
2006 
Pig keeping, farm 
milk, stables, 
child´s involvement 
in haying 
  x  Ege et al. 
2007 
Farm, farm animals   x x Douwes et al. 
2008 
Number of farm 
animal species 
(prenatal) 
 x   Roduit et al. 
2011 
Farm milk x  x x Loss et al. 
2011 
Farm x x x x Illi et al. 
2012 
Farm, regular 
exposure to stables, 
hay lofts and farm 
milk 
  x x Horak et al. 
2014 
Farm animals 
 
  x  Fall et al. 
2015 
2.3.2 Immunomodulatory effects of farm exposure 
The rich and diverse microbial burden, which is related to the 
traditional farm environment, functions through the innate 
immune system (e.g. TLRs and DCs). A prevailing hypothesis is 
that the innate immune system regulates adaptive immune 
responses, e.g. through the production of TNF which leads to 
the induction of Tregs, as well as through the polarization of Th 
cell responses towards the production of Th1-associated 
cytokines (e.g. IFN-γ and IL-12). Tregs dampen allergen induced 
Th2-associated cytokines (e.g. IL4, IL5 and IL-13) and Th2-
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dependent IgE production e.g. through production of IL-10 
(Vercelli, von Mutius 2010).  
As described earlier in this thesis, TLRs are expressed by 
antigen-presenting cells and CD14 is a co-receptor of TLRs. 
Blood TLR2 and CD14 gene expression have been shown to be 
higher in farmers´ children than in non-farmers´ children at 
school age (Lauener et al. 2002). Moreover, prenatal exposure to 
an increasing number of different farm animal species has been 
reported to be inversely associated with atopic sensitization 
(Ege et al. 2006) and atopic dermatitis (Roduit et al. 2011), and 
increased gene expressions of TLR2, TLR4 and CD14 (Ege et al. 
2006) and TLR5 and TLR9 in children, respectively (Roduit et al. 
2011). The gene expression of TLRs was upregulated by prenatal 
exposure to stables, rather than the child's personal exposure 
(Ege et al. 2006). Thus, these studies indicated that prenatal or 
early life exposure to a traditional farm environment, rich in 
microbes, is associated with the upregulation of innate immune 
receptors.  
DCs may have a role in farm-related immunomodulation, as 
a recent study demonstrated that the percentage of circulating 
mDC2s was lower in children of farmers, however, there was 
not an association between this cell population and asthma or 
atopic sensitization (Martikainen et al. 2015). Several other 
studies have reported a positive association between circulating 
mDC2s and Th2-type immune responses, asthma or atopic 
diseases (Yerkovich et al. 2009, Spears et al. 2011, Hayashi et al. 
2013) but also opposite associations have been described (Dua et 
al. 2013). DCs are able to secrete B-cell activating factor (BAFF): 
the levels of BAFF have been observed to be increased at birth in 
children prenatally exposed to a dairy farm environment, and 
increased in association with higher proportions of CD27+ 
memory B cells and lower proportions of CD5+ naïve B cells. 
Moreover, BAFF levels were lower in allergic children (Lundell 
et al. 2015). Therefore, it is not simply the innate immunity but 
also the adaptive immunity which can be modulated by 
exposure to a farming environment. Farm exposure has been 
observed to negatively associate with the development of grass 
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allergen and cat allergen-specific IgG1, IgG4 and IgE antibodies, 
which are Th2-dependent immunoglobulin isotypes (Stern et al. 
2007).  
Increased levels of the proinflammatory cytokine TNF and 
Th1 cytokine IFN-γ in stimulated cord blood were observed in 
children of farmers in comparison to children of non-farmers 
(Pfefferle et al. 2010). Prenatal exposure to a number of farm 
animal species, barns and farm-produced butter were also 
associated with increased levels of these TNF and IFN-γ 
whereas prenatal exposure to farm-produced yogurt was 
negatively associated with the stimulated production of these 
cytokines in umbilical blood. However, no associations were 
seen between the regulatory cytokine IL-10, Th1-associated 
cytokine IL-12 and Th2-associated cytokine IL-5 production and 
farming (Pfefferle et al. 2010). IFN-γ levels in stimulated 
peripheral blood have been shown to be increased in children of 
farmers at age 3 months when compared to children of non-
farmers (Roponen et al. 2005). Additionally, enhanced 
expression of genes of the innate immunity (IRAK-4 and RIPK1), 
regulatory molecules (IL-10, TGF-β, SOCS4 and IRAK-2) and, in 
contrast to previous findings, decreased expression of IFN-γ 
and increased GATA3 (Th2-associated) have been observed in 
children of farmers. However, the analyzed markers were not 
associated with allergic diseases or sensitization to allergens 
(Frei et al. 2014).  
Regulatory pathways may also have a role in mediating the 
allergy-protective effect of farming, as a protective-effect of 
maternal farm milk exposure partially via Treg cells in children 
has been observed (Schaub et al. 2009, Lluis et al. 2014a). 
Maternal exposure to a farm environment during pregnancy has 
been observed to be associated with increased Treg numbers, 
and also with decreased IL-5 production and with increased IL-6 
production in stimulated cord blood but IL-17 production was 
not affected (Schaub et al. 2009). However, the gene expression 
of Th17 lineage markers [retinoic acid receptor-related orphan 
receptor C (RORC), retinoic acid receptor-related orphan 
receptor α (RORA), IL-23 receptor (IL23R), IL17, IL17F and IL22] 
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has been shown to correlate positively with Treg cell markers 
and to be influenced by prenatal farm exposure (Lluis et al. 
2014b).  
Furthermore, genomic variations need to be considered, as 
polymorphism in CD14 has been observed in the allergy-
protective effect of farming and farm milk consumption 
(Leynaert et al. 2006, Bieli et al. 2007). Allergy-protective effect 
of current regular farm animal exposure has been shown to be 
associated with several gene neuropeptide S receptor 1 (NPSR1) 
polymorphisms in children (Bruce et al. 2009). A recent study 
revealed that farm exposure in early childhood had an effect on 
the extent of DNA methylation of genes which are associated 
with asthma (ORMDL family) and atopic sensitization (RAD50, 
IL-13 and IL-4), but not in the T-regulatory genes (FOXP3 and 
RUNX3) (Michel et al. 2013). 
In summary, prenatal and early life exposure to a farm 
environment modifies several aspects of the immune system. 
However, genetic factors are also crucial in mediating the 
immunological responses of farm exposures. The 
immunobiology of farm exposure is modelled in Figure 1.
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Figure 1. A model of immunobiology of farm exposure. Farm exposure during 
pregnancy and at early age protects from atopic diseases. Exposures to increasing 
numbers of farm animal species and consumption of raw farm milk have explained the 
overall farm effect. These exposures at critical time points increase the proportions of 
regulatory T cells (Tregs), production of T (Th) helper 1 cytokines IFN-γ and TNF 
and downregulate Th2 cell-dependent antibody production. These exposures 
upregulate also innate immune receptors, namely Toll-like receptors (TLRs) and CD14. 
(Modified from von Mutius & Vercelli 2010) 
 
2.3.3 In vivo evidence of farm effect 
Several studies in mice have been exploited in attempts to 
understand the associations between farm-associated biological 
factors and the activity of the immune system of the host. One 
mouse strain, BALB/c, has been used in these studies often with 
a commonly used allergen sensitization protocol i.e. the mice 
were sensitized with ovalbumin (OVA) and challenged with the 
dust extract via the airways. In one such study, treatment with 
the dust extract isolated from stables of animal farms prevented 
allergen-induced airway hyperresponsiveness and eosinophilia 
during challenge and also inhibited the production of IL-5 in 
splenocytes and of allergen specific IgG1 and IgE. Moreover, the 
exposure to the stable dust extract also suppressed the 
generation of human monocyte-derived DCs suggesting that the 
dust possessed the capability to induce immune tolerance or 
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suppression (Peters et al. 2006). In addition, it has been shown 
that prolonged exposure to the dust extract or the plant-
originated oligosaccharide, arabinogalactan, isolated from stable 
dust before the challenge, reduced the capacity of mice bone 
marrow DCs to induce eosinophilic airway inflammation and 
Th2-cell mediated responses; the autocrine production of IL-10 
may partially explain this phenomenon (Gorelik et al. 2008, 
Peters et al. 2010). Moreover, DCs treated with the dust extract 
exhibited increased expression of the costimulatory molecule 
CD86 as well as increased production of three cytokines IL-10, 
IL-12 and TNF (Gorelik et al. 2008). In addition to stable dust 
and plant material isolated from dust, bacterial strains such as 
Acinetobacter lwoffii, Lactococcus lactis, and Staphylococcus sciuri 
W620 isolated from stable dust may mediate allergy- and 
asthma-protective effects (Debarry et al. 2007, Hagner et al. 
2013). Acinetobacter Iwoffii and Lactococcus lactis strains and 
spores of Bacillus licheniformis have been found to activate a Th1-
polarizing capacity of human monocyte-derived DCs (Debarry 
et al. 2007, Vogel et al. 2008) and B. licheniformis spores could 
evoke a Th1-cytokine profile in bronchoalveolar lavage (BAL) 
fluid of mice (Vogel et al. 2008). Furthermore, exposing mice 
with B. licheniformis spores intranasally protected them from 
allergic asthma by preventing the goblet hyperplasia in the 
lungs and eosinophilia in BAL fluid, although the spores tended 
to persist in the lung, which may cause long-lasting immune 
activation (Vogel et al. 2008). In a recent study, both farm dust 
and endotoxin protected mice from the house-dust mite induced 
asthma via induction of the ubiquitin-modifying enzyme A20 in 
lung epithelial cells (Schuijs et al. 2015). 
2.4 HEALTH EFFECTS OF EXPOSURE TO PETS 
2.4.1 Components of pet exposure that may protect or promote 
allergic diseases 
Initially, exposure to cat allergens was thought to be involved in 
the sensitization to the respective allergen and to the subsequent 
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development of atopic diseases in early childhood (Brussee et al. 
2005, Schäfer et al. 2009). Moreover, exposure to cat or dog 
allergens have exacerbated the symptoms of asthma in already 
sensitized children (Gent et al. 2009). In a recent review, the 
effect of cat allergen on sensitization of different aged children 
was found to be dependent on the studied country; i.e cat 
allergen exposure induced sensitization in Germany, protected 
from sensitization in Sweden and had no effect in the 
Netherlands (Chen et al. 2008a). There is a limited number of 
studies available which have investigated the associations of 
dog allergens and atopic diseases; it seems that early life 
exposure to dog allergen may lead to persistent wheeze, but 
only in a subgroup of children of non-sensitized mothers 
(Brussee et al. 2005).  
The major allergens isolated from cats are Felis domesticus 
allergen 1 and 4 (Fel d 1 and Fel d 4) and from dogs Canis 
familiaris allergen 1 and 2 (Can f 1 and Can f 2) (Zahradnik & 
Raulf 2014). Due to the molecular properties of these allergens, 
i.e. they adhere easily to surfaces such as carpets, walls and 
clothing, they are found ubiquitously not only in buildings and 
homes where pets are kept, but also in other buildings, such as 
homes with no pets, schools, day-care centers, and other public 
buildings or places (Arbes et al. 2004, Krop et al. 2014, 
Kanchongkittiphon et al. 2014, Cai et al. 2011, Simplicio et al. 
2007, Fu et al. 2013). Therefore, also individuals who do not own 
pets are exposed to pet allergens, and a true negative control 
group is not available.  
Reported exposure to cats has been reported to decrease the 
risk of wheezing, sensitization and atopic dermatitis in 
childhood (Waser et al. 2005, Almqvist et al. 2010, Roduit et al. 
2011). However, several studies have shown that exposure to 
cats increased the risk of cat sensitization, cat allergy, wheezing 
and asthma (Al-Mousawi et al. 2004, Schäfer et al. 2009, Medjo 
et al. 2013, Pyrhönen et al. 2015, Hugg et al. 2008, Lombardi et al. 
2010a). Exposure to dogs has been reported to decrease the risk 
of sensitization, asthma, hay fever, wheezing, and atopic 
dermatitis in children (Chen et al. 2008b, Almqvist et al. 2010, 
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Pohlabeln et al. 2007, Hugg et al. 2008, Waser et al. 2005, Fall et 
al. 2015, Remes et al. 2001, Gern et al. 2004, Bufford et al. 2008, 
Pelucchi et al. 2013), although increased sensitization and 
allergy to dogs have been also observed (Al-Mousawi et al. 2004, 
Pyrhönen et al. 2015). Some studies suggest that dog and cat 
exposures do not have any effect on the development of asthma 
or sensitization (Wegienka et al. 2010, Lodrup Carlsen et al. 2012, 
Ezell et al. 2013, Grabenhenrich et al. 2014). Other investigators 
have suggested that cat or dog exposure have no effect on atopic 
diseases; e.g. early life dog exposure was not associated with 
respiratory or allergic symptoms (Lombardi et al. 2010a,) nor 
was cat exposure with atopic diseases (Remes et al. 2001, Gern et 
al. 2004, Bufford et al. 2008, Pelucchi et al. 2010). Furthermore, 
combined dog and cat exposure have been reported to exert a 
synergistic effect on the decreased risk of developing atopy later 
in childhood or adulthood (Mandhane et al. 2009). According to 
one report, pet ownership in childhood may have different 
effects on atopic and non-atopic asthma (Collin et al. 2015). 
Exposure to dogs in early life may also have protective effect 
against respiratory tract infections during the first year of life 
(Bergroth et al. 2012). 
The controversial associations between pet exposure and 
atopic diseases may be due to several non-immune factors such 
as selective avoidance of pets: parents do not allow pets into 
homes in which there is a history of atopic diseases (Anyo et al. 
2002, Eller et al. 2008) as well as discrepancies in definition of 
exposure and outcome, type of animal, time and duration of 
exposure, age of the study subjects, behavioral differences 
between individual animals and animal species and genetic 
background of individuals. It seems that keeping cats or dogs at 
the time of birth does not increase the risk of allergic diseases in 
children with a family history of allergy (Lodge et al. 2012b).  
Pets may also carry different mixtures of substances, 
allergens and microbes depending on the environment in which 
they are living and how they are moving, and subsequently 
spreading them in their homes. Elevated endotoxin levels have 
been found in house dust and in indoor air in the homes of dog-
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owners (Gereda et al. 2001, Heinrich et al. 2001, Thorne et al. 
2009, Park et al. 2001) suggesting that endotoxin could explain at 
least some of the effects of pet exposure on atopic diseases. 
However, it has been shown that living with several dogs 
together with high endotoxin exposure may reduce wheezing in 
children, but neither of them alone had this kind of protective 
effect (Campo et al. 2006); this indicates that there may be some 
other microbial components influencing their protective effect 
(Ownby et al. 2013). Exposures to ergosterol and muramic acid 
have also not explained the protective-effect of dog exposure 
(Bufford et al. 2008). In addition to components originating from 
microbes, the total microbial concentration (Tischer et al. 2015) 
or specific bacterial families such as specific Firmicutes and 
Bacteriodetes (Lynch et al. 2014) or the extent of microbial 
diversity may be involved in determining the protective effects 
of pet-keeping on atopic diseases in childhood. It is of special 
interest that exposure to dust collected from houses of dog-
owners protects mice from allergen-induced airway 
inflammation possibly due to changes in gastrointestinal 
microbiome composition (Fujimura et al. 2014).  
 
2.4.2 Immunomodulatory effects of pet exposure 
Household pet ownership has been shown to increase the levels 
of Th1 cytokine IFN-γ but not those of Th2 cytokine IL-4 in 
toddlers (Duramad et al. 2006). In addition, an elevated IFN-γ 
production capacity from birth to three months has been 
detected in children exposed to cats or dogs, and furthermore 
increased IL-6 responses at birth were associated with cat or dog 
exposures (Roponen et al. 2005). Atopic sensitization associated 
with pet exposure has been shown to be influenced by CD14 
polymorphism, pointing to the relevance of this LPS-recognition 
associated coreceptor in mediating the effects of pet exposure on 
atopic diseases (Eder et al. 2005, Bottema et al. 2008). Moreover, 
pet keeping (but also tobacco smoke exposure) has been shown 
to be associated with decreased CD14 gene methylation through 
childhood (2-10 years) (Munthe-Kaas et al. 2012). 
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It has been reported that monocyte-derived CD14-positive 
macrophages, but not CD14-negative DCs, released TNF and IL-
6 in response to cat allergen extract, indicating that CD14 may 
mediate the inflammatory responses to cat allergen (Andersson 
Lundell et al. 2005). TLR2 may possess a role in mediating the 
possible protective effects of prenatal cat exposure on atopic 
dermatitis in childhood, since a significant interaction has been 
observed between polymorphism in TLR2 and prenatal cat 
exposure in atopic dermatitis (Roduit et al. 2011). It has been 
also postulated that cat allergen (Fel d 1) binds to LPS, which is 
a ligand of TLR4, thus enhancing TLR signaling, and 
furthermore that dog allergen (Can f 6) also possesses similar 
properties (Herre et al. 2013). Cat allergen exposure has also 
induced a specific IgG, especially an IgG4, antibody response in 
school-aged children, which is indicative of a modified Th2 cell 
response (Platts-Mills et al. 2001a). Some studies have, however, 
not found any associations between cat exposure or cat allergen 
levels and immunological responses in childhood (Gern et al. 
2004, Bufford et al. 2008, Lappalainen et al. 2010).  
Dog-ownership has been associated with increased IL-10 and 
IL-13 responses by stimulated mononuclear cells of infants, and 
with reduced sensitization and atopic dermatitis (Gern et al. 
2004). Furthermore, the CD14 polymorphism in interaction with 
dog exposure was associated with decreased development of 
atopic dermatitis (Gern et al. 2004). Dog allergens may also have 
immunomodulatory effects; as it has been shown that Can f 1 
levels in bedroom dust were associated with increased IL-10, IL-
5 and IL-13 in infants and with IL-5 and IL-13 in toddlers 
produced by stimulated peripheral blood mononuclear cells 
(PBMCs). These dog allergen levels were also inversely 
associated with wheezing and atopic dermatitis (Bufford et al. 
2008). It has been also reported that owning a dog was 
associated with decreased TNF responses produced by 
stimulated cord blood and peripheral blood of infants, 
indicating that early life exposure to dogs may prevent 
exaggerated immune responses later in life (Lappalainen et al. 
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2010). The immunobiology of pet exposure is modelled in 
Figure 2.  
 
 
Figure 2. A model of immunobiology of pet exposure. This model illustrates the effect of pet 
exposure on atopic diseases. It seems that the CD14 receptor plays a role in pet exposure. 
Increased IFN-γ and IL-6 responses have been observed. It is postulated that pet exposure may 
induce a modified Th2 response, i.e. increased production of specific IgG4 and decreased IgE. The 
critical time points of exposure are not clear although it seems that early life exposure is critical. 
(Modified from Fretzayas et al. 2013) Abbreviations: Cluster of differentiation (CD), Interferon 
(IFN), Interleukin (IL), Immunoglobulin (Ig), T helper (Th). 
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3 Aims 
The main aim of this thesis was to determine whether early life 
exposures to a farm environment or to cats or dogs affect the 
systemic immune responses at age 4.5 years in a subpopulation 
of the Finnish PASTURE birth cohort study.  
 
The specific aims were: 
1. To determine the associations of asthma and atopic 
sensitization and prenatal and current farm exposures with the 
circulating dendritic cell (DC) phenotype and the functional 
properties of these cells in response to lipopolysaccharide (LPS). 
(I) 
2. To determine whether living in a farm environment is 
associated with the cytokine responses in unstimulated 
peripheral blood mononuclear cells (PBMCs) and after a short-
term stimulation of these cells with LPS. (II) 
3. To determine the effects of early life and current exposures to 
cats and dogs on DC phenotype and their functional properties 
as well as on cytokine responses in unstimulated and LPS-
stimulated PBMCs. (III) 
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4 Material and methods 
4.1 STUDY CHARACTERISTICS 
This thesis is based on the PASTURE, which is a prospective 
birth cohort study. The PASTURE study aims to define 
protective and risk factors in early life influencing the 
development of atopic diseases. The design of this cohort has 
been described in detail elsewhere (von Mutius et al. 2006). The 
study population of this thesis consisted of Finnish children 
(N=100, 50 from farming families, Fig. 3) who belong to the 
Finnish PASTURE-birth cohort. 
  
 
Figure 3. Selection of samples. Abbreviations: Peripheral blood mononuclear cells 
(PBMCs); Dendritic cell (DC).  
4.2 IGE AND ASTHMA DEFINITIONS (I) 
Clinical phenotypes were assessed when the children were aged 
6 years as by that time phenotypes are more stable. IgE for 6 
food allergens (hen’s egg, cow’s milk, peanut, hazelnut, carrot, 
and wheat) and 13 common inhalant allergens (Dermatophagoides 
pteronyssius, D. farinae, cat, horse, dog and Alternaria alternata, 
mugwort, plantain, alder, birch pollen, hazel pollen, rye pollen, 
and a grass pollen mix) were assessed from peripheral blood 
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samples by the Allergy Screen test panel for atopy (Mediwiss 
Analytic, Moers, Germany) in the central laboratory of the 
PASTURE. Positive sensitization was defined by the cut-off 
concentration of 0.7 IU/ml. To increase the number of asthmatic 
subjects, asthma was defined as a physician´s diagnosis of 
asthma at least once per lifetime and/or repeated diagnosis of 
obstructive bronchitis reported by the parents at age 6 years 
and/or unremitting wheeze in the period 18 months - 6 years 
and/or LCA-asthma (latent class analysis) (Depner et al. 2014).  
4.3 EXPOSURE DEFINITIONS (I-III) 
Questionnaire data collected during pregnancy, at age 2 months, 
at age 1 year and at age 4 years were used to assess farm and pet 
exposures as well as possible confounding factors. 
 
4.3.1 Farm exposures (I & II) 
Farming was defined as a family living on a farm with livestock 
when the child was born. Farm exposures (yes vs. no) were 
investigated during pregnancy (prenatal exposure) and during 
the past 12 months (current exposure at age 4 years). All the 
studied children had been living either on a dairy and/or cattle 
farm when the child was 4.5 years. Children whose family had 
stopped keeping of livestock (n=7) or the main type of livestock 
had been changed to pigs or/and horses (n=2) before the age 4 
years were excluded from the present study. Exposures to 
stables (cowshed) and hay barns were defined as an exposure 
with duration of at least a quarter of an hour per week. 
Consumption of farm milk was defined as a mean consumption 
of at least 10 ml cow milk per day. Farm milk included all other 
cow milk except shop milk. The number of farm exposures was 
defined as the sum of exposure to stables, hay barn and farm 
milk (range 0-3). The specific farm exposures were investigated 
at age 4 years since the immunological responses were studied 
at age 4.5 years. 
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4.3.2 Cat and dog exposures (III) 
Cat and dog exposures (yes vs. no) were examined during the 1st 
year of life (early life exposure) and during the past 24 months 
(current exposure at age 4 years). Contact of the child with cat(s) 
or dog(s) was defined as keeping cat(s) or dog(s) inside the 
house at least temporarily. Early life exposure was examined 
since the cat allergen (Fel d 1) was measured from house dust 
when the child was aged 2 months. 
 
4.3.3 Cat allergen fel d 1 (III) 
The house dust sampling protocol has been described 
previously by Karvonen et al. 2012. Briefly, in the Finnish 
PASTURE study, field workers took samples from the living 
room floor (from the smooth floor and from a rug in a case of 
smooth floor with a rug) and one from the mother´s mattress 
when the study child was 2 months old. The content of Fel d 1 in 
rug samples was utilized in the present study. The samples were 
processed without sieving at Utrecht University and analyzed 
for cat allergen Fel d 1. Fel d 1 loads (mU/m2) were subdivided 
into three categories using tertiles as cutoffs. Dog allergens were 
not analyzed in the PASTURE study. 
4.4 ISOLATION AND CRYOPRESERVATION OF PBMCS (I-III) 
PBMCs of 4.5 years old children were isolated from EDTA blood 
(Vacutainer, BD, and Plymouth, UK) by the Ficoll-Paque 
technique (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) 
and cryopreserved for later use. 
4.5 IMMUNOPHENOTYPING AND STIMULATION OF PBMCS (I-
III) 
Cells were thawed and resuspended with 10 % human AB 
serum (Innovative Research, Novi, USA) in RPMI 1640 
(Invitrogen, Grand Island, USA). Viability and the numbers of 
PBMCs were determined by trypan blue exclusion after thawing. 
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One portion of thawed PBMCs was stained to allow DC 
phenotyping and another was used to examine the functional 
potential of the DCs. PBMCs were cultivated with or without 
LPS [lipopolysaccharides from Escherichia coli 0111:B4 (0.5 μg/ml, 
Sigma Aldrich Company, St. Louis, USA)] in 1 mL 10 % human 
AB serum in RPMI 1640 at 37 °C and 5 % CO2 for 5 hours. LPS 
was used since it stimulates innate immunity. To block 
intracellular protein transport processes, monensin (GolgiStop, 
BD, San Diego, USA) was added to those cultures from which 
the levels of intracellular TNF and IL-6 in mDCs were analyzed 
by flow cytometry. TNF and IL-6 were analyzed to study the 
general activation of mDCs. After 5 hours, the cells were 
harvested, stained for expression of surface molecules, 
permeabilized (BD Cytofix/Cytoperm Plus Kit, GolgiStop, BD, 
San Diego, USA) and then stained for the presence of 
intracellular cytokines. Supernatants (100 µl) of all samples were 
stored at -80 °C until cytokine analysis (Figure 4). 
 
Figure 4. Diagram illustrating how the PBMCs were allocated to the different 
analyses of DC phenotype and determinations of the functional properties of DCs as 
well as assays of cytokines. Φ Not included in the final analysis due to low 
expression/production.  Ω LPS-stimulated CXCL8 not included in the final analyses 
due to unexpectedly high production. Abbreviations: Peripheral blood mononuclear 
cells (PBMC); Dendritic cell (DC); Lipopolysaccharide (LPS); myeloid dendritic cell 
(mDC); plasmacytoid dendritic cell (pDC); Interleukin (IL); Interferon (IFN); Tumor 
necrosis factor alpha (TNF); Toll-like receptor (TLR).  
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4.6 FLOW CYTOMETRY ANALYSIS (I & III) 
PBMCs were analyzed with a CyAn ADP flow cytometer 
(Beckman Coulter, Inc, Fullerton, CA, USA) equipped with two 
lasers (solid state 488 nm and 633) and capabilities to analyze 7 
colors simultaneously (fluorescent filters: 530/40, 575/25, 630/20, 
680/30, 750LP, 665/20, 750LP). Table 3 shows the antibodies used 
in the flow cytometric analyses. Approximately 100,000 PBMCs 
were acquired in order to obtain sufficient numbers of DC 
subsets for accurate enumeration. Isotype control fluorescence 
was evaluated for each sample. The analyses and manual 
compensations were carried out using the Summit v4.3 software 
application. 
In immunophenotyping, erythrocytes and debris were 
excluded, as well as CD19+ B cells and CD14+ monocytes. Dead 
cells were excluded on the basis of propidium iodide (PI) 
staining (0.05 µg/ml, Sigma Aldrich Company, St. Louis, USA) 
in the phenotype protocol and doublets were excluded on the 
basis of their FS Area/FS Lin characteristics. The DC subsets, 
mDC and pDC, were identified as CD11c+CD1c+ and 
CD123+CD303+, respectively. The expression of the 
costimulatory molecule CD86 on mDCs and on pDCs was 
analyzed per se. MDCs and the expressions of intracellular 
cytokines, TNF and IL-6 in mDCs, and CD86 on mDCs were 
analyzed after 5-hour incubation with or without LPS. 
Additionally, mDC2 (CD141)  and expression of TLR4 on mDCs 
per se and CD80 on mDCs after LPS stimulation were studied 
but not analyzed further due to their low expression levels.  
Frequencies of mDCs and pDCs were expressed as 
percentages of live PBMCs. The expression of CD86 on mDCs 
and on pDCs per se was calculated as median fluorescence 
intensity (MFI) and the cell surface expression of CD86 and 
production of IL-6 and TNF by LPS-stimulated mDCs as the fold 
change of MFI over the unstimulated sample.  
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Table 3. The antibodies used in dendritic cell (DC) analysis and their conjugates, description, 
clones and manufacturers. 
Antibody Conjugate Clone Isotype Manufacturer 
CD11c 
PE-Cy7 3.9 Mouse IgG1, κ eBioscience (San 
Diego, USA) 
CD123 Biotin 6H6 Mouse IgG1, κ eBioscience 
CD14 
PE-Cy5.5 TüK4 Mouse IgG2a Invitrogen 
(Camarillo, USA) 
CD19 PE-Cy5.5 SJ25-C1 Mouse IgG1 Invitrogen 
CD1c 
APC AD5-8E7 Mouse IgG2a Miltenyi Biotec 
(Bergisch 
Gladbach, 
Germany) 
CD303 PE AC144 Mouse IgG1 Miltenyi Biotec 
CD86 
FITC 2331 (FUN-1) Mouse IgG1, κ BD Biosciences 
(San Jose, USA) 
IL-6 FITC MQ2-13A5 Rat IgG1, κ BD Biosciences 
TNF PE Mab11 Mouse IgG1, κ BD Biosciences 
Streptavidin APC-Cy7 - - BD Biosciences 
4.7 CYTOKINE ANALYSIS (II & III) 
The cytokines were analyzed with the Meso Scale Discovery 
(MSD) Sector ImagerTM 2400A with Discovery Workbench® 3.0 
software, and by using MSD® Human Th1/Th2 10-Plex Ultra-
Sensitive Kit (for IL-10, IL-2, IL-12p70, IFN-γ, IL-1β, TNF, 
CXCL8, IL-13, IL-4 and IL-5) as described earlier (Huttunen et al. 
2014). The lower limits of detection (LDL) were: IL-10 3.1 pg/ml, 
IL-2 3.1 pg/ml, IL-12p70 2.8 pg/ml, IFN-γ 19.6 pg/ml, IL-1β 3.2 
pg/ml, TNF 4.7 pg/ml, CXCL8 3.2 pg/ml, IL-13 14.9 pg/ml, IL-4 
3.0 pg/ml and IL-5 3.0 pg/ml. The upper limit of quantification 
was 10,000 pg/ml for each cytokine. The percentages of samples 
with undetectable cytokine levels were between 0 and 17 %, 
apart from unstimulated IL-4 (46 %) and IL-5 (52 %). A total of 
67 % of the stimulated CXCL8 levels were above the upper limit 
of quantification. Due to the high percentage of undetectable 
levels of IL-4 and IL-5 and the high levels of CXCL8, the 
concentrations of these cytokines were not studied further. Non-
detectable values were set to the LDLs and the levels of 
cytokines were standardized according to the number of live 
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PBMCs/stimulation (pg/106 PBMCs). Unstimulated cytokine 
values and fold differences of LPS-stimulated cytokine values 
relative to unstimulated cytokine values were used in the 
statistical analysis. 
4.8 STATISTICAL ANALYSES (I-III) 
The distributions of DC parameters were mostly normally 
distributed but the distributions of cytokines in PBMC cultures 
were skewed. Intracellular TNF production in mDCs after 
stimulation with LPS and cytokine levels in PBMC cultures were 
log-transformed in order to reach a satisfactory approximation 
to a normal distribution. Adjusted or non-adjusted means or 
geometric mean ratios (GMRs) and 95 % confidence intervals 
(CIs) or means and standard deviations (SDs) were calculated. 
Associations between DCs and asthma were not linear and 
therefore, DC parameters were categorized into two groups 
using the 66th percentile cut-off point. Adjusted odds ratios (ORs) 
and 95 % CIs were estimated. Associations of exposures with 
cytokines and DCs were analyzed with t-test and linear 
regression (Table 4). Statistical significance was defined by p < 
0.05. SPSS Statistics 19.0 and 21.0 (IBM Corporation, New York, 
NY, USA) were used in the statistical analysis. 
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Table 4. Statistical methods used in the publications. 
Publication Analysis Statistical analysis 
I 
Associations of farming, 
prenatal and current 
specific farm exposures 
with DCs and their 
function at age 4.5 y 
Associations of asthma 
and atopic sensitization 
at age 6 y with DCs and 
their function at age 4.5 
y 
 
Associations of farming, 
prenatal and current 
specific farm exposures 
with asthma and atopic 
sensitization at age 6 y 
T-test or linear regression. Non-
adjusted means and SD or GMR 
and 95 % CI were reported. 
 
 
Logistic regression. aOR and 95 % 
CI were reported. The models were 
adjusted for farming, number of 
older siblings, gender, prenatal 
exposure to cat(s) and/or dog(s) 
and paternal allergic disease. 
Logistic regression. aOR and 95 % 
CI were reported. The models were 
adjusted for number of older 
siblings, gender, prenatal exposure 
to cat(s) and/or dog(s) and 
paternal allergic disease. 
II 
Associations of farming, 
current specific farm 
exposures and number of 
farm exposures with 
cytokine responses at 
age 4.5 y 
Linear regression. Non-adjusted 
GMRs and 95 % CI were reported. 
III 
Associations of early life 
and current cat and dog 
exposure and Fel d 1 
load in floor dust (from a 
rug) with DCs, their 
function and cytokines at 
age 4.5 y 
Linear regression or general linear 
model. Farm-adjusted means and 
SD or GMR and 95 % CI were 
reported. 
Abbreviations:Dendritic cells (DCs); standard deviation (SD); geometric mean ratio (GMR); 
Confidence interval (CI); Adjusted odds ratio (aOR) 
 
4.8.1 Adjustment for possible confounders (I-III) 
In publication III, all analyses were adjusted with farming. 
Other possible confounders tested were mode of birth, sex, 
number of older siblings, maternal smoking during pregnancy, 
maternal allergic disease, maternal education and age at the 
time child was born, breastfeeding, paternal allergic disease and 
education, child´s sensitization to inhalant allergens (sIgE ≥ 0.7 
IU/ml), prenatal exposure to cat(s) and/or dog(s) and microbial 
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markers i.e. ergosterol, β(1,3)-glucan, EPS, endotoxin, LPS and 
muramic acid (mU/m2) and amount of house dust (mg/m2). The 
potential confounders were examined in all models, which 
showed a statistically significant association between asthma or 
exposure and immunological markers without adjustments. 
Tested confounders were included in the final multivariate 
analysis only if the change in the effect estimate of the exposure 
of interest was more than 10 % (Table 4). In publication I, 
associations of DCs and asthma with exposures to stables, hay 
barns and farm milk were not adjusted for farming due to the 
low number of exposed non-farming children.  
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5 Results 
5.1 THE EFFECTS OF FARM EXPOSURES ON IMMUNOLOGICAL 
RESPONSES (I & II) 
5.1.1 The effects of farming on immunological responses (I & 
II) 
Farming status of the family was inversely associated with 
asthma at age 6 years (adjusted OR 0.32, 95% CI 0.11-0.88). Even 
though the number of children was small (n=100), this finding 
was a motivation to study the associations of farm exposures 
with DC phenotype, functional properties of DCs after 
stimulation with LPS as well as spontaneous and LPS-induced 
cytokine levels in PBMCs. The main finding of the DC 
experiments was that the percentage of mDCs after stimulation 
with LPS was lower in farm children aged 4.5 years than in 
those of similar-aged non-farm children (Fig. 5B). A similar but 
borderline statistically significant association was seen between 
farming and the percentage of mDCs per se (Fig. 5A). The most 
notable findings in the cytokine experiments were that the 
unstimulated PBMCs of farm children produced more IL-10, IL-
12 and IFN-γ than those of non-farm children (Fig. 6A). No 
statistically significant differences in the cytokines produced by 
PBMCs after stimulation with LPS were observed between farm 
and non-farm children (Fig. 6B). However, farm exposure 
tended to decrease the production of cytokines after stimulation 
with LPS (IL-10, IFN-γ and TNF). 
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Figure 5. Association between percentages of myeloid dendritic cells (mDCs) and non-
farm and farm-children (A) in peripheral blood mononuclear cells (PBMCs) per se, 
and (B) in lipopolysaccharide (LPS)-stimulated PBMCs. The figure shows unadjusted 
means of mDC percentages. Boxes present standard deviations and whiskers present 
minimum and maximum values.  
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Figure 6. Association between the farming status of the children and the production of 
cytokines (A) in unstimulated culture of peripheral blood mononuclear cells (PBMC) 
and (B) induced by lipopolysaccharide (LPS)-stimulation (5 h). LPS-induced cytokines 
were calculated as fold differences of LPS-stimulated cytokine values relative to 
unstimulated cytokine values. The figure shows non-adjusted ratios of the geometric 
means (GMRs) and 95% confidence intervals (95% CI) of cytokines in farm children 
compared with non-farm children (N=88). Abbreviations: not available (na), 
Interleukin (IL), Interferon (IFN), Tumor necrosis factor (TNF).  
 
5.1.2 The effects of specific farm exposures on immunological 
responses (I & II) 
Overall, all farm-related exposures were associated with a lower 
percentage of both mDCs and pDCs although only a few 
statistically significant associations were found. Percentages of 
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pDCs per se and mDCs after stimulation with LPS were lower in 
children exposed prenatally to farm milk than in those of non-
exposed (p=0.04). Children currently exposed to hay barns had a 
lower percentage of mDCs (p=0.04) and elevated intracellular 
production of TNF by mDCs (p=0.04) after stimulation with LPS. 
In PBMC cultures, specific farm exposures tended to increase 
the spontaneous levels of cytokines and decrease the levels of 
cytokines after stimulation with LPS. Current exposure to 
stables was significantly associated with higher spontaneous 
levels of IL-12 (p=0.01) and IFN-γ (p=0.02), whereas current 
exposure to hay barns was associated with higher levels of IL-10 
(p=0.04), IL-2 (p=0.01), IL-12 (p=0.03), IFN-γ (p=0.01), IL-1β 
(p=0.049), TNF (p=0.01) and IL-13 (p=0.03) and exposure to farm 
milk with IFN-γ (p=0.03). Current exposure to hay barns was 
inversely associated with the levels of IL-2 (p=0.02) and TNF 
(p=0.03) after stimulation with LPS, whereas current exposure to 
stables was associated inversely with the level of TNF (p=0.01).  
 
5.1.3 The effects of the number of specific farm exposures on 
immunological responses (II) 
The unstimulated PBMCs of children exposed to all three (farm 
milk, stables and hay barn) current farm exposures produced 
more IL-12 and IFN-γ than those of non-exposed children (Table 
5). The unstimulated PBMCs of children exposed to two of the 
current specific exposures produced more IFN-γ and TNF than 
those of non-exposed (Table 5). No other significant associations 
were found between spontaneous production of cytokines and 
the number of farm exposures. Furthermore, a dose-dependent 
tendency was seen between the number of farm exposures and 
spontaneous production of IL-12 and IFN-γ (trend test p=0.07 
and p=0.01, respectively).  
The PBMCs of children exposed to two of the specific farm 
exposures produced less IL-1β (p=0.04) and TNF (p=0.004) 
following LPS-stimulation than those of non-exposed children 
(Table 5). No other significant associations were detected 
between cytokine production in LPS-stimulated PBMCs and the 
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number of farm exposures. However, a dose-dependent 
tendency was seen between the increasing number of farm 
exposures and decreased production of LPS-induced TNF (trend 
test p=0.03). Associations between the numbers of farm 
exposures with DCs were not studied. 
Table 5. The association of the number of farm exposures (stables, hay barn and farm milk) with 
the spontaneous and LPS-induced production of IL-12, IFN-γ and TNF by PBMCs at age 4.5 
years (n=88). 
N of farm 
exposures 
n IL-12 IFN-γ TNF 
Spontaneous  GMR (95% CI) GMR (95% CI) GMR (95% CI) 
1 16 1.05 (0.84-1.33) 1.02 (0.80-1.30) 0.93 (0.53-1.61) 
2 20 1.23 (0.99-1.52) 1.36 (1.09-1.70) 1.71 (1.03-2.83) 
3 6 1.46 (1.04-2.06) 1.52 (1.06-2.19) 1.74 (0.76-3.95) 
LPS  GMR (95% CI) GMR (95% CI) GMR (95% CI) 
1 16 0.99 (0.84-1.18) 0.98 (0.72-1.34) 0.98 (0.62-1.55) 
2 20 1.00 (0.85-1.16) 0.79 (0.59-1.05) 0.53 (0.35-0.81) 
3 6 0.94 (0.73-1.21) 0.85 (0.53-1.35) 0.74 (0.37-1.46) 
Abbreviations: Geometric mean ratio (GMR); confidence interval (CI); peripheral blood 
mononuclear cells (PBMCs) 
Reference group; non-exposed (n=46) 
Statistically significant associations are shown in boldface. 
5.2 THE ASSOCIATION OF ASTHMA WITH IMMUNOLOGICAL 
RESPONSES (I) 
The main finding was that the expression of costimulatory 
molecule CD86 on mDCs per se at age 4.5 years was associated 
with asthma after adjustment for confounders when the 
children were slightly older i.e. 6 years (adjusted OR 4.83, 95% 
CI 1.51-15.4). The intracellular production of IL-6 in mDCs after 
stimulation with LPS was inversely associated with asthma 
(adjusted OR 0.19, 95% CI 0.04-0.82).  
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5.3 THE EFFECTS OF CAT AND DOG EXPOSURES ON 
IMMUNOLOGICAL RESPONSES (III) 
Early life exposure to cats was inversely associated with atopic 
sensitization at age 6 years (adjusted for farming, OR 0.33, 95% 
CI 0.12-0.87). Current exposure to dogs tended to associate 
inversely with asthma at age 6 years (adjusted OR 0.37, 95% CI 
0.14-1.02). 
5.3.1 The effects of reported cat exposure on immunological 
responses 
Early life and current cat exposures were associated with 
increased intracellular IL-6 production in mDCs after 
adjustment for farming (p=0.046 and 0.02, respectively). The 
unstimulated PBMCs of children currently exposed to cats 
produced more CXCL8 than those of non-exposed (adjusted for 
farming, p=0.004) (Fig. 7B). Neither baseline levels nor LPS-
induced levels of other cytokines were significantly associated 
with cat exposure (Fig. 7). Spontaneous production of TNF 
tended to be higher in PBMCs of children currently exposed to 
cats than in those of non-exposed (Fig. 7B). Also, spontaneous 
production of IL-10 tended to be higher in PBMCs of children 
exposed to cats at early age than in those of non-exposed (Fig. 
7A).  
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Figure 7. Association between early life and current exposure to cats and the 
production of cytokines (A and B) in unstimulated culture of peripheral blood 
mononuclear cells (PBMC) and (C and D) after LPS-stimulation (5 h) at age 4.5 years. 
The levels of LPS-induced cytokines were calculated as fold differences of LPS-
stimulated cytokine values relative to unstimulated cytokine values. The figure shows 
farm-adjusted ratios of the geometric means (GMRs) and 95% confidence intervals 
(95% CIs) of cytokines in cat exposed children compared with non-exposed children 
(reference line) (N=88). Abbreviation: not available (na). 
 
5.3.2 The effects of cat allergen (fel d 1) on immunological 
responses 
Next, it was studied whether the cat allergen (Fel d 1) load in 
house dust at age 2 months exerted different immunological 
effects when compared to reported early life and current cat 
exposure. The levels of the cat allergen were higher in homes 
where cats were kept (170 mU/m2 – 170,000 mU/m2) than in 
homes were cats were not kept (2 mU/m2 – 70,000 mU/m2). 
Higher intracellular production of IL-6 in mDCs after 
stimulation with LPS was associated with the highest load of cat 
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allergen (Fel d 1) measured from the house dust when 
compared to the lowest load of cat allergen (p=0.04). The 
association of the load of cat allergen with the levels of cytokines 
produced by unstimulated PBMCs was U-shaped. Significantly 
lower cytokine levels of IL-1β, TNF, CXCL8 and IL-13 were 
found with the medium load of cat allergen as compared to the 
lowest load of this allergen (Fig. 8A). In contrast, the load of cat 
allergen exhibited an inverted U-shaped association with the 
production of IL-1β, TNF and IL-13 after stimulation with LPS; 
significantly higher cytokine levels were found with the 
medium load of cat allergen as compared to the lowest load of 
this allergen (Fig. 8B).  
 
 
Figure 8. Association between cat allergen load and the production of cytokines IL-1β, 
TNF, CXCL8 and IL-13 in unstimulated (A) culture (U-shaped) of peripheral blood 
mononuclear cells (PBMC) and after LPS-stimulation (5 h, inverted U-shaped). The 
figure shows the farm-adjusted ratios of geometric means (GMRs) and 95% confidence 
intervals (95% CIs). Abbreviation: not available (na). 
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5.3.3 The effects of reported dog exposure on immunological 
responses 
Early life exposure to dogs was associated with increased CD86 
expression on mDCs per se (p=0.04). Current exposure to dogs 
was associated with an increased percentage of mDCs after LPS-
stimulation (p=0.048). Early life exposure to dogs was associated 
with reduced spontaneous production of IL-2 and IL-1β, 
whereas LPS-stimulated PBMC cultures produced more IL-2 
and IL-1β (Fig. 9A, 9C). Current exposure to dogs was not 
significantly associated with the production of cytokines (Fig. 9B, 
9D).  
Table 6 shows the main findings of this thesis. 
 
Figure 9. Association between early life and current exposure to dogs and the 
production of cytokines (A and B) in unstimulated culture of peripheral blood 
mononuclear cells (PBMC) and (C and D) after LPS-stimulation (5 h) at age 4.5 years. 
The levels of LPS-induced cytokines were calculated as fold differences of LPS-
stimulated cytokine values relative to unstimulated cytokine values. The figure shows 
farm-adjusted ratios of the geometric means (GMRs) and 95% confidence intervals 
(95% CIs) of cytokines in dog exposed children compared with non-exposed children 
(reference line) (N=88). Abbreviation: not available (na). 
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6 Discussion 
6.1 THE EFFECTS OF FARM EXPOSURES ON IMMUNOLOGICAL 
RESPONSES 
The protective effect of farm exposure on the development of 
atopic diseases has been demonstrated in several cross-sectional 
studies (von Ehrenstein et al. 2000, Riedler et al. 2000, Riedler et 
al. 2001, Douwes et al. 2008, Horak et al. 2014). However, the 
underlying immunological mechanisms need to be identified. In 
the subsample of the present study farm exposure was inversely 
associated with asthma but it is not discussed further due to the 
small number of samples.  
The rich and diverse microbial exposure, which is related to 
the traditional farm environment as well as exposure to pets 
may prevent the development of atopic diseases by non-allergic 
Th1-type cytokine responses (i.e. production of IFN-γ) 
(Roponen et al. 2005, Pfefferle et al. 2010) and by Treg cells 
(Lluis et al. 2014). It is hypothesized that Tregs dampen allergen 
induced Th2 cytokine responses (e.g. IL-4, IL-5 and IL-13) and 
IgE production e.g. by production of IL-10. The innate immune 
system (e.g. TLRs and DCs) can regulate these responses of the 
adaptive immune system, which emphasizes the important role 
of innate immune responses also in the risk of allergic diseases 
(Vercelli, von Mutius 2010).  
 
6.1.1 The effects of farming on immunological responses (I & 
II) 
Upregulation of innate immune receptors, such as TLRs (Ege al. 
2006), increased production of proinflammatory cytokines 
(Pfefferle et al. 2010), and a higher proportion of an important 
immunoregulatory T cell population, Tregs (Lluis et al. 2014a) 
have been demonstrated in farm children, suggesting that these 
mechanisms are important for the protective farm effect. In the 
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present study, upregulated cytokine responses were seen in 
children of farming families, and this was associated with 
unstimulated production of regulatory cytokine IL-10, Th1-
inducing cytokine IL-12 and Th1 cytokine IFN-γ in PBMCs 
when the children were aged 4.5 years. The increased 
spontaneous levels of these cytokines support the hypothesis 
that farm exposure indeed induces regulatory and a Th1-
skewed phenotype early in life, potentially mediating the 
protective effect of farming against childhood asthma and 
allergies (von Mutius & Vercelli 2010). 
There were also decreased responses associated with farming, 
namely a lower proportion of mDCs especially after in vitro 
stimulation with LPS. MDCs are believed to play a role in the 
development of Th2 responses (van Rijt et al. 2005) and airway 
inflammation (Lambrecht & Hammad 2009). Therefore, farm 
exposure may be linked to the development of tolerogenic 
mechanisms by decreasing the proportions of mDCs; these are 
the cells which present antigens to reactive T cells. In 
experimental settings, stable dust extract has been shown to 
suppress the differentiation of human monocytes into DCs 
(Peters et al. 2006), although it was not possible to confirm in 
this study if the decreased mDC proportions in farm-exposed 
children were related to the impaired differentiation per se.  
 
6.1.2 The effects of specific farm exposures and the number of 
farm exposures on immunological responses (I & II) 
In the present study, the upregulated proinflammatory TNF 
responses in mDCs after stimulation with LPS were associated 
with current exposure to hay barns. TNF is mainly produced by 
cells of the innate immunity as a response to microbial exposure. 
TNF producing DCs may induce expansion and function of Treg 
cells (Chen et al. 2007). A recent report claimed that cord blood 
levels of IFN-γ and TNF were increased in farm children, and 
the higher levels of these cytokines were also associated with 
prenatal exposure to hay barns (Pfefferle et al. 2010). 
Experimental studies have shown that bacteria isolated from 
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cowsheds can affect the maturation and cytokine profiles of 
human monocyte-derived DCs by increasing the expression of 
several co-stimulatory molecules i.e. CD40, CD80 and CD86 as 
well as cytokines TNF and IL-6 (Hagner et al. 2013). Mouse 
bone-marrow DCs, which were treated with stable dust extract 
two days before they were challenged with allergen (OVA) and 
then used to sensitize mice via airways, were not able to prime 
the allergic responses in mice. Furthermore, these DCs 
expressed CD86 and produced high amounts of IL-10, IL-12 and 
TNF, emphasizing the role of innate immunity in the regulation 
of asthma development (Gorelik et al. 2008). 
When the spontaneous cytokine responses were evaluated in 
PBMCs, it was observed that current exposure to stables was 
associated with increased spontaneous production of IL-12, a 
cytokine which induces IFN-γ secretion by Th1 cells (Robinson 
et al. 1997), as well as with increased production of IFN-γ. 
Current farm milk consumption was also associated with 
increased spontaneous production of IFN-γ. This is intriguing 
since two allergy-protective factors that have been identified up 
to now in the farm environment are contact with cows and 
consumption of farm milk (von Mutius 2012). In support of the 
present results, farm exposure has been postulated to enhance 
Th1-type immune responses and to suppress allergy-related 
Th2-type activity (von Mutius & Vercelli 2010), although Tregs 
may have some role in the protective effect via early life 
exposure to farm milk (Lluis et al. 2014a) as well as inducing 
tolerance (Sakaguchi et al. 2008). Interestingly, IL-2 has a role in 
Treg cell development and homeostasis (Smigiel et al. 2014), and 
in this study, the spontaneous production of IL-2 was associated 
with a current exposure to hay barns. Exposure to hay barns 
was not only linked with IL-2 but also with IL-10, IL-12, IFN-γ, 
IL-1β, TNF and the Th2-associated cytokine IL-13 extending the 
current knowledge about the asthma- and allergy-protective 
effect of farming in general. Importantly, the involvement of a 
child in hay-making has been shown to protect from asthma 
(Ege et al. 2007). In a mouse model, treatment with the plant-
originating molecule, arabinogalactan, which had been isolated 
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from stable dust, protected mice from allergic airway 
inflammation and sensitization, evidence for a role of this plant 
material in the protective effect of farm living (Peters et al. 2010). 
The levels of most of the cytokines studied here correlated with 
each other. In particular, those of the Th2 cytokine IL-13 and the 
Th1-cytokine IFN-γ correlated strongly, which is intriguing. 
This correlation is support for the view that the protective effect 
of farming is explained not only by the balance of Th1- and Th2-
related responses but also other mechanisms are probably 
involved. For instance, it can be speculated that Tregs and 
tolerogenic DCs could control Th2-mediated inflammation and 
tolerance, thus preventing the effects of IL-13 in farm-exposed 
children. 
In addition to upregulated responses, downregulated 
responses were also observed. Lower proportions of pDCs were 
detected in association with prenatal farm milk consumption. It 
has been speculated that pDCs have a role in tolerance as well as 
in the control of airway inflammation, which may imply that the 
cell numbers of this DC subtype should be higher in farm 
children. However, one should keep in mind that it was 
circulating DCs that were investigated: decreased proportions of 
these cells in the peripheral blood of farm children may be 
related to intense exposure to the variety of stimulants present 
in the farm environment leading to migration of DCs from 
blood to other tissues such as airways, which are in closer 
contact with environment (Upham et al. 2002). 
In the present study, current exposures to stables and hay 
barns were associated with decreased production of TNF after 
stimulation with LPS, and contact with hay barns also with 
decreased production of IL-2. In a study conducted in rural 
areas of Germany, the endotoxin levels in the bedding were 
inversely associated with the production of IL-10, IL-12, IFN-γ 
and TNF in LPS-stimulated leukocytes (Braun-Fahrländer et al. 
2002) indicating possible tolerogenic mechanisms, specifically 
endotoxin tolerance. The present results may also refer to down-
regulated responsiveness against endotoxin. TNF has been the 
most extensively studied cytokine in endotoxin tolerance, which 
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is defined as decreased responsiveness to LPS after previous 
endotoxin exposure (West & Heagy 2002). It remains to be 
clarified whether these indications of tolerogenic immune 
mechanisms may be linked to the overall reduction in immune 
responsiveness in exposed children, possibly suppressing also 
allergic Th2-type responses. 
When considering the correlation between farm exposures in 
this small study population, one cannot conclude whether it was 
the stables, hay barns or farm milk which specifically affected 
the cytokine responses. It was not possible to investigate 
whether the observed associations were independent from 
farming, since the number of exposed non-farm children was 
very low. Therefore, the relevance of the individual farm 
exposures was examined by evaluating the associations between 
the number of specific farm exposures and the cytokines. This 
approach further strengthened these results since an increasing 
number of exposures seemed to be dose-dependently associated 
with certain immune-related parameters, especially with the 
increased spontaneous production of IFN-γ and with decreased 
production of TNF after stimulation with LPS.     
6.2 THE ASSOCIATION OF ASTHMA WITH IMMUNOLOGICAL 
RESPONSES (I) 
The roles of DCs in bridging innate and adaptive immunity and 
in the induction of tolerance suggest that they may have a role 
also in the asthma-protective effect of farming. Therefore, the 
associations of DC proportions and their functional properties at 
age 4.5 years with asthma at age 6 years were studied. MDCs 
have been postulated to have a role in the development of Th2 
responses and airway inflammation (van Rijt et al. 2005, 
Lambrecht & Hammad 2009), which is in line with the 
association shown in the present study, i.e increased expression 
of CD86 on mDCs per se in asthmatic children. Overexpression 
of CD86, which is indicative of increased T cell stimulatory 
capacity, has been shown to be associated with asthma and 
allergies (Lombardi et al. 2010b). CD86 expression can be 
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modulated by Tregs, the proportions in blood of which have 
been shown to be lower in asthmatic children when compared 
with healthy children (Lluis et al. 2014a), and to inhibit the 
upregulation of CD80 and CD86 on immature DCs possibly 
resulting in tolerance (Onishi et al. 2008).  
The production of the proinflammatory cytokines IL-6 and 
TNF were also measured in mDCs after stimulation with LPS as 
general markers of mDC activation. An inverse association was 
demonstrated between the incidence of asthma and IL-6 
production by mDCs. Previously, increased levels of IL-6 have 
been found in serum, bronchoalveolar lavage fluid and induced 
sputum of asthmatic patients in contrast to the present results 
(Rincon & Irvin 2012). However, recently DC-derived IL-6 
production has been shown to restrict Th2-cell differentiation in 
an experimental model (Mayer et al. 2014). Moreover, the 
receptor which recognizes virus and microbial nucleic acids, 
TLR7-mediated IL-6 production in pDCs has been shown to be 
inversely associated with asthma (Bratke et al. 2013), although 
mDCs and pDCs may not be comparable due to their possibly 
distinct functions. To conclude, the associations of asthma and 
DCs, increased expression of CD86 on mDCs and decreased 
production of IL-6 in mDCs of the asthmatic children may have 
promoted the induction and/or maintenance of Th2-skewed 
responses. A causal effect, however, could not be confirmed in 
this cross-sectional study. 
6.3 THE EFFECTS OF CAT AND DOG EXPOSURES ON 
IMMUNOLOGICAL RESPONSES (III) 
Conflicting results on associations between pet exposure and 
childhood allergies and asthma have been reported (Almqvist et 
al. 2003, Brussee et al. 2005, Waser et al. 2005, Almqvist et al. 
2010, Lodge et al. 2012a, Lodge et al. 2012b, Fretzayas et al. 2013, 
Pyrhönen et al. 2015). In the present study, early life exposure to 
cats was inversely associated with atopic sensitization at age 6 
years and current exposure to dogs tended to associate inversely 
with asthma. A few studies have reported associations between 
pet exposure and immunological development in early 
childhood, while others that have detected no associations (Gern 
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et al. 2004, Roponen et al. 2005, Duramad et al. 2006, Bufford et 
al. 2008, Lappalainen et al. 2010, Wood et al. 2011). 
6.3.1 The effects of reported cat exposure and cat allergen (fel 
d 1) in house dust on immunological responses 
Interestingly, in the present study an association was found 
between increased spontaneous CXCL8 production with 
reported current cat exposure, whereas the load of cat allergen 
(Fel d 1) in house dust displayed a U-shaped association with 
the spontaneous production of inflammatory cytokines IL-1β, 
TNF, CXCL8 and Th2-associated cytokine IL-13. In addition to 
feld 1, reported cat exposure may be a surrogate for some other 
immunomodulatory components. It remains to be clarified 
whether the observed increment in the level of this neutrophil 
attractant chemokine and also in a multifunctional pro-
inflammatory cytokine could be associated with the exposure to 
cat-specific microbial components. In rural areas of Finland, cats 
typically spend part of their time outdoors but also come 
indoors. Therefore, it can be speculated that cats bring microbial 
components into the home from outdoors, and that these are 
capable of inducing inflammatory responses, observed here as 
the production of CXCL8. Reduced stimulated CXCL8 levels 
have been reported in cord blood of children prenatally exposed 
to endotoxin and ergosterol (Wood et al. 2011). CXCL8 is mainly 
produced by the cells of the innate immunity e.g. stimulated 
monocytes. Although CXCL8 has a role in inflammation 
processes, it has also anti-inflammatory properties (Nourshargh 
et al. 1992) and it can inhibit the production of IgE in human B 
cells (Kimata et al. 1992). 
IL-6 is mainly produced by macrophages and it has been 
considered to involve in inflammation processes although it has 
anti-inflammatory properties as well (Scheller et al. 2011). 
Increased IL-6 production in mDCs after stimulation with LPS 
was associated with both early and current exposure to cats as 
well as with a higher load of cat allergen. This and increased 
levels of spontaneous production of CXCL8 indicate that cat 
allergen may have at least some partial role in explaining the 
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immunomodulatory effects of cat exposure. In support of this 
result, previously it has been observed that exposure to cats or 
dogs was associated with increased IL-6 production from 
stimulated cord blood (Roponen et al. 2005). The present study 
also detected an inverse association between asthma and IL-6 
production in mDCs. 
Furthermore, it was found that increasing cat allergen loads, 
but not reported cat exposure, were associated with increased 
levels of IL-1β, TNF and IL-13 (second tertile) after stimulation 
with LPS. It has been shown that the dose-response association 
of cat allergen exposure with sensitization was bell-shaped, 
suggestive of a modified Th2-response (Platts-Mills et al. 2001b), 
similarly to the associations of cat allergen exposure and 
cytokines in the present study. Endotoxin and other microbial 
compounds may play a role in the reported cat exposure but 
other factors may have affected these divergent results. It is 
possible that this type of dust is not the optimal way to reflect 
the real levels of cat allergen. It has been also shown that pet 
allergens can be found ubiquitously in the environment, e.g. 
even in homes and public places where pets are not kept (Arbes 
et al. 2004, Simplicio et al. 2007, Cai et al. 2011, Fu et al. 2013, 
Kanchongkittiphon et al. 2014, Krop et al. 2014), whereas cat 
exposure in the present study is referring to the actual presence 
of a cat in the home. 
 
6.3.2 The effects of reported dog exposure on immunological 
responses 
Lappalainen et al. (2010) observed decreased TNF responses 
after stimulation with LPS in whole blood of dog-exposed, but 
not cat-exposed, children who were one year old. In the present 
study, early life exposure to dogs was associated with decreased 
spontaneous production of IL-2 and IL-1β and increased 
production of IL-2 and IL-1β after stimulation with LPS. 
Although IL-2 has a role in Treg cell development and 
homeostasis, it was not possible to show other evidence of 
tolerogenic mechanisms related to dog exposure in early 
 79 
 
childhood, e.g. downregulated responses after stimulation with 
LPS as was found here in farm-exposed children. Thus, it is 
possible that endotoxin tolerance was not the reason to account 
for the associations detected between dog exposure and 
cytokine production. Previously, Bufford et al. 2008 showed that 
the levels of endotoxin, ergosterol or muramic acid did not 
explain the associations between dog exposure and the studied 
immunological responses and atopic diseases. Living with a dog 
in the home when a child was aged one year, but not living with 
a cat, has been associated with increased stimulated production 
of IL-10 and IL-13, and also with reduced allergic sensitization 
and atopic dermatitis in children with a parental history of 
allergic diseases (Gern et al. 2004). Furthermore, it has been 
shown that the level of dog allergen (Can f 1), but not that of cat 
allergen (Fel d 1), was associated with increased stimulated 
production of IL-10, IL-5 (Th2 cytokine) and IL-13 at age one 
year in children with a parental history of allergy (Bufford et al. 
2008). A comparison of the present results with those reported 
previously is challenging (e.g. different study designs, age 
groups and stimulants) and thus the true immunomodulatory 
effects of dog exposure remain obscure.  
In support of the present findings of a link between early life 
exposure to dogs and modified cytokine responses, it was found 
that increased expression of CD86 on mDCs was associated with 
early life dog exposure and increased proportions of mDCs after 
stimulation with LPS were associated with current exposure to 
dogs. The different effects of cat and dog exposures may be 
explained by the fact that cats and dogs are different in their 
social behavior and usually children´s direct contact with cats is 
less intense than with dogs. Early life dog exposure was also 
associated with an increased percentage of mDCs after 
stimulation with LPS, evidence of opposite effects as 
encountered with farm exposure. 
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6.4 METHODOLOGICAL CONSIDERATIONS 
Cryopreserved PBMCs were utilized in these experiments due 
to logistical reasons. One could argue that freezing, storage in 
liquid nitrogen and thawing could have affected the phenotype 
and functional properties of PBMCs. If possible, the associations 
found in this thesis should be confirmed with fresh PBMCs in 
the future. In support of the use of cryopreserved PBMCs, 
previous studies have shown that cryopreservation does not 
distort the cellular immune responses (Reimann et al. 2000, 
Upham et al. 2002). Functional cells can also be recovered after 
cryopreservation (Sambor et al. 2014) and although they are not 
completely identical to freshly-handled cells (Axelsson et al. 
2008), it did seem justified to utilize cryopreserved PBMCs in 
this type of exploratory study.  
Whole blood is preferred for the analysis of LPS-induced 
cytokine production. EDTA, which is used in the blood 
collection tubes, may inhibit the production of LPS-induced 
cytokines (Banfi et al. 2007). The main aim of the present study 
was to analyze DC populations and the use of frozen PBMCs 
was more suitable for logistic reasons. On the other hand, it was 
not a principal intention to study the associations of LPS-
induced cytokine production, but instead the aim was to 
investigate spontaneous cytokine production with farm and pet 
exposures, since the associations between spontaneous cytokine 
production and farm exposures have not been examined 
previously. Furthermore, it was possible to analyze the 
spontaneous levels of cytokines since the method applied here 
was much more sensitive than the traditional ELISA technique.  
The short-term LPS-stimulation was designed for use in the 
DC analyses although this may not have been optimal for the 
measured cytokine responses. More detailed analyses, however, 
will be examined in the PASTURE study. In previously 
published studies of the PASTURE, cytokine responses in whole 
blood cell culture after 48 hour stimulation have been conducted 
(Pfefferle et al. 2008, Pfefferle et al. 2010), and thus the current 
results cannot be compared to those from the whole PASTURE 
population.  
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Specific farm exposures and living on a farm correlated 
strongly with each other. Therefore, no final conclusions can be 
drawn about which, if any, of the specific exposures is more 
important than the others. However, the associations all point 
towards the same direction, which is interpreted to mean that 
they are not simply chance findings. The associations of specific 
farm exposures with immunological markers can, however, be 
used to support the results of farming and immunological 
markers. 
The cat allergen levels were assessed from house dust, which 
may lead to a misclassification of exposure. Better estimate of 
exposure via airways could be achieved by air sampling. 
However, the aim was to compare the results of cat exposure 
derived from the questionnaire with assayed levels of actual cat 
allergens. It was not possible to investigate whether the 
observed associations between the immune-related parameters 
with cat exposures were independent from dog exposures and 
vice versa, since the number of these groups was low, thus the 
results should be confirmed in larger studies in the future. 
Furthermore, it is not certain whether the associations between 
the exposures and the immunological markers could be 
explained by microbes or their components or some other 
factors, which is also an interesting question to be studied 
further.    
While it would have been interesting to examine other cell 
populations apart from DCs, this could not be attempted due to 
the fact that the numbers of PBMCs were barely enough for the 
analyses to be conducted. On the other hand, in the PASTURE 
study, Tregs have been investigated previously (Lluis et al. 
2014a). Further studies will be needed to disentangle the role of 
DC regulation on Tregs and how it may contribute to the lower 
risk of asthma in farm exposed children.  
The number of samples was relatively low (n=100) since the 
PBMCs were available only from Finnish 4.5 years old children. 
Furthermore, the number of PBMCs in the specimens (mean live 
PBMCs after thawing 6.2 × 106) restricted the analyses which 
could be performed, i.e. the number of samples in the functional 
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analyses was even lower (n=88). These numbers are low if one is 
utilizing an epidemiological approach, but with respect to the 
extensive, laborious and expensive immune measurements 
conducted in this thesis, they are at an acceptable and 
commonly used level. Furthermore, the results of this study 
were intended to be exploratory and to act as a foundation for 
the larger studies attempting to disentangle the complex 
associations between DCs, cytokines, farm exposure and asthma.  
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7 Conclusion 
1. These results are evidence for an association between 
childhood asthma and the expression of functional markers 
by mDCs. Farm exposure may exert immunomodulatory 
effects by decreasing mDC proportions (I). 
2. A farm environment results in increased spontaneous 
production of Th1-type and regulatory cytokines. The 
decreased TNF responses in farm-exposed children may be 
evidence of the involvement of tolerogenic mechanisms (II). 
3. Reported cat exposure modified particularly 
proinflammatory responses. The exposure defined according 
to the load of cat allergen in house dust evoked partly 
distinct responses from those when the cat exposure was 
defined from questionnaires. Reported dog exposure had 
opposite immunomodulatory effects when compared to 
farm exposures (III). 
 
In summary, the present study has provided new information 
on the associations between early life farm and pet exposures 
and their immunomodulatory effects, i.e. the dendritic cell 
phenotype and their functional properties as well as the 
production of cytokines, in children aged 4.5 years. The novel 
findings of the present thesis provide important insights which 
will be helpful in future studies of mechanisms underlying 
farm-related asthma- and allergy-protection. In particular, the 
interplay between innate and adaptive immunity needs to be 
studied in more detail. 
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Heidi Kääriö
The allergy and asthma
protective effects of farm
environment and pet 
animals – The role of
immunomodulation
Farm and pet exposures can protect 
child from the development of 
childhood atopic diseases. These 
exposures affect the maturing 
immune system. In the present 
thesis, exposures to a farm 
environment and pet animals 
associated with dendritic cells and 
cytokine production. The novel 
findings provide important insights 
for the future asthma and allergy 
protective studies investigating the 
interplay of innate and adaptive 
immunity.
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